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Abstract of a thesis submitted in partial fulfilment of the 
requirements for the Degree of Doctor of Philosophy in Exercise Science. 
Abstract 
Real and simulated altitude training:                                     
physiological and performance effects 
 
by 
Apiwan Manimmanakorn 
 
The use of altitude training has long been of interest to enhance sea-level performance in 
athletes. Living at altitude and training at sea-level is claimed to be the most effective 
approach compared to other forms of altitude training. However, interest in intermittent 
hypoxia has increased over recent decades because it is more convenient than conventional 
altitude training, which involves transportation and accommodation costs. Benefits of both 
real and simulated altitude training remain controversial.  Additionally, not all subjects 
respond to altitude in the same way, with some showing improvement in performance 
(responders) while others exhibit either no change or a decrease in performance (non-
responders). The mechanism(s) behind these changes have yet to be identified. Furthermore, 
the effects of simulated altitude training (using hypoxicators) on muscular strength and 
endurance are yet to be fully examined. This thesis contains three experimental studies which 
investigated the effects of both real and simulated altitude training on muscular performance 
and physiological changes in athletes and well trained subjects. 
 
In Study 1, responders and non-responders were investigated using a live high-train low 
(LHTL) approach. The Snow Farm Lodge, above the Cadrona Valley in Wanaka (1,545 m), 
was used for athletes to stay and sleep before travelling down to 300 m each day to train over 
the experimental period.  Based on changes in sea level 800 m swim time trials, athletes were 
separated into responders (subjects who improved their swim performance after altitude 
training) or non-responders (athletes whose performance decreased). A submaximal cycling 
test (10-min at 250 watts for males and 200 watts for females) was performed at altitude at the 
same time of day, on the first and last day of the training camp. Arterial oxygen saturation 
(SpO2) and heart rate were taken before (0 min) and at the end (10 min) of the submaximal 
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test. Compared to non-responders, responders had higher SpO2 (1.2 ± 1.3%, mean ± SD) and 
lower heart rate, (-6.3 ± 7.8%) after 10 min of submaximal cycling. A recommendation for 
coaches from this research is that they could consider identifying responders and non-
responders to altitude training by measuring SpO2 and HR changes during submaximal 
exercise at altitude.  
 
In studies 2 and 3 Simulated altitude training (intermittent hypoxic training: IHT) approach 
was used and conducted mainly at Lincoln University. In Study 2, I was interested in finding 
out whether altitude training (hypoxic exposure) could improve anaerobic fitness. In this 
study muscle strength and muscular endurance were investigated by using low-load resistance 
exercise (50% 1RM) combined with simulated altitude training in well trained male subjects. 
The simulated altitude or hypoxic training group clearly showed improvement in muscle 
endurance (maximal voluntary contraction force which measured as an area under 30 seconds 
curve; MVC30) by 14.8 ± 10.4% and fatigue (measured as the decrease in force from the 
maximum to the minimum from over 30 seconds) improved by 12.7 ± 8.0% compared to a 
placebo group breathing normal room air. These findings suggest that this exercise regimen is 
very likely to be worthwhile for enhancing muscle endurance and reducing fatigue in well 
trained males. Such training may be used by coaches as a compliment to current strength 
training regimes. 
  
In Study 3, I further investigated the mechanisms behind the apparent enhancement in 
performance after intermittent hypoxic training from study 2. In addition, I also determined 
the effect of local blood flow occlusion on muscular performance. To do this, low-load 
resistance exercise (20% 1RM), combined with either simulated altitude or local blood flow 
occlusions, was examined in female netball players. Relative to the control training group, 
both exercise regimes resulted in improvement in all muscular performance variables 
(maximal voluntary contraction force over 3 second; MVC3, and over 30 seconds; MVC30 and 
number of repetitions to be performed at 20% 1RM; Reps201RM ) after five weeks training. 
Muscle cross-sectional area also significantly increased after training with both blood 
occlusion (6.6 ± 4.5%) and intermittent hypoxia (6.1 ± 5.1%) compared to training control 
group (2.9 ± 2.7%). This study indicated that the hypoxic conditions of the muscles, caused 
by either hypoxia or blood occlusion, may be involved in these positive performance 
outcomes.  
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In conclusion, breathing air with a low partial pressure of oxygen due to decreased barometric 
pressure (real altitude exposure) can result in beneficial aerobic performance changes in some 
athletes. Additionally, breathing a low partial pressure of oxygen intermittently in a 
normobaric environment (simulated altitude) can improve anaerobic-based performance such 
as MVC over 30 seconds and number of repetitions at 50% 1RM. However, considerable 
variation exists in subjects’ response to such training. Likely indicators for detecting positive 
adaptation for athletes at altitude are positive changes in oxygen saturation in arterial blood 
(SpO2) and heart rate during a 10 minute submaximal cycle test. In addition, the muscle 
strength and endurance enhancement found in study 2 and 3 suggests intermittent hypoxia 
may have a beneficial effect on anaerobic performance mechanisms perhaps through changes 
in neuromuscular recruitment or metabolic changes within the muscles. This research has 
found that performance (aerobic or anaerobic) improvement seen with altitude training may in 
part be due to changes resulting from tissue hypoxia. It is clear however, that not all athletes 
respond in the same way.  
 
Keywords:  altitude, intermittent hypoxia, responders, non-responders, muscle strength, 
endurance, blood occlusion 
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     Chapter 1 
 Preface 
1.1 Introduction 
Since the 1968 Olympic Games, the exercise and sport science fields have shown increased 
interest in the use of altitude training to improve sea-level performances in athletes. At that 
time, endurance athletes from high altitude countries like Kenya and Ethiopia showed higher 
numbers of Olympic medal winners compared to sea-level countries (Wilber, 2004). These 
performances encouraged sport scientists and researchers to explore the beneficial effects 
from altitude training in sea-level based athletes. Many researchers over the years have tried 
to answer the question of ‘whether altitude training produces positive improvements in athlete 
performance at sea level’. Scientists have also explored new approaches to altitude training 
and simulated altitude devices, which avoid the inconvenience of real altitude sojourns. 
Simulated altitude training is widely used by researchers and coaches in the sport science 
area. In New Zealand, there have been few studies which have investigated either real altitude 
or simulated altitude on athletes’ performance. In the present study, both real and simulated 
altitude have been used to investigate what, why and how altitude affects the human body in 
an attempt to gain more in depth knowledge about the use of altitude training for performance 
enhancement. 
  
The interest in both real and simulated altitude training has mainly focused on aerobic-based 
performance (Levine, Stray-Gundersen, Gore, & Hopkins, 2005). There is significantly less 
information on the effect of simulated altitude training on anaerobic-based performance, 
particularly on muscle strength and endurance. Therefore, this thesis aims to investigate 
physiological, aerobic and anaerobic-based performance changes after real and simulated 
altitude training. The thesis consists of three studies; where the first study examined real 
altitude conducted in Wanaka at 1,545 metres; the second and third studies were conducted in 
Lincoln, New Zealand at sea level using a hypoxicator to artificially create an altitude 
stimulus.  
 
Real altitude training, living high at altitude and training at sea-level (live high-train low: 
LHTL) was reported to be the most effective form of conventional altitude training (Levine & 
Stray-Gundersen, 1992). However, these researchers also showed a large variability in post 
altitude performance in athletes with some improving while others did not (Stray-Gundersen, 
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Alexander, Hochstein, deLemos, & Levine, 1992). Responders are referred to as the athletes 
who adapt well and increase their performance while non-responders were athletes who did 
not gain any benefit and in many cases got worse from such training. Therefore the initial 
study of this thesis concentrated on this question and in particular focused on live high-train 
low effects (LHTL) on physiological variables that may indicate responders from non-
responders. The first study examined the physiological changes, including arterial oxygen 
saturation (SpO2) and heart rate (HR) during a 10 minute submaximal cycling test, and other 
physiological, subjective, and performance variables, after 20 days of LHTL in national elite 
triathletes in New Zealand. Altitude exposure has been reported to influence a number of 
physiological changes such as arterial oxyhemoglobin saturation and maximal oxygen 
consumption which limit the ability to compete or train in elite athletes (Wilber, 2004). 
Therefore I postulated that such physiological changes could be used to discern responders 
from non-responders among the elite athletes. Therefore, the aim of this study was to 
investigate whether physiological variables were related to the performance changes in 
athletes during a 20-day LHTL period.  
 
The second and third studies of the thesis were aimed at untangling some of questions around 
the positive effects of hypoxia on anaerobic performance by using simulated altitude training. 
In particular, I wanted to measure the effect of intermittent hypoxic exposure on muscle 
strength and endurance performance and uncover possible mechanisms for any change. These 
two studies were conducted at Lincoln University, Christchurch using simulated altitude and 
local blood occlusion devices to investigate the effects of hypoxia in conjunction with 
resistance exercise. At present, it is not clearly understood how the hypoxic condition that 
occurs in exercised muscles induces increases in muscle strength and endurance. Furthermore, 
comparisons between hypoxic breathing and blood occlusion (both of which cause muscle 
hypoxia), as well as the mechanisms behind the changes, have not been investigated 
extensively.  
 
Thus, in the next two studies I investigated the effect of simulated altitude on anaerobic 
muscular performance. Intermittent hypoxic exposure (IHE) is a form of simulated altitude in 
which subjects passively breathe hypoxic gas intermittently with room air at rest. In 
intermittent hypoxic training (IHT), however, subjects perform continuous or interval-training 
sessions while breathing hypoxic gas. There are reports that IHT is more beneficial than IHE 
for performance enhancement (Millet, Woorons, & Roels, 2009). Recent studies have tended 
to focus on the effects of IHT on aerobic or endurance performance in athletes and 
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consequently there are few reports on the effects of IHT on anaerobic performance, especially 
muscle strength. Some researchers have reported IHT benefits anaerobic rather than aerobic 
performance ability in athletes (Hamlin & Hellemans, 2004; Hamlin, Marshall, Hellemans, 
Ainslie, & Anglem, 2010). High-load resistance exercise is known to increase strength and 
muscle size, but it is not yet known if low-load resistance exercise combined with intermittent 
hypoxic breathing would make substantial muscular performance improvements in hypoxic 
muscles. Therefore, study 2 aimed to determine muscle strength and endurance effects of IHT 
with low-load (50% 1 repetition maximum) knee extension training in well trained males.  
 
The information gained from the study 2 showed that hypoxia with low-load exercise was 
successful in improving muscle strength and endurance in well-trained males. The underlying 
physiological changes occurring as a result of hypoxia were further investigated in study 3. In 
this study the effects of IHT and vascular occlusion on muscular physiological variables were 
compared. Previous research has determined that vascular occlusion combined with low-load 
resistance exercise enhances muscle strength, size and dynamic endurance of the knee 
extensors muscles (Moritani, Sherman, Shibata, Matsumoto, & Shinohara, 1992; Takarada, 
Sato, & Ishii, 2002). However, several studies have indicated that this exercise regimen where 
blood flow is intermittently restricted by inflating a cuff around the exercising limb 
(commonly known as Kaatsu training) has potential hazards, such as high blood pressure 
(Takano et al., 2005) muscle and blood vessel damage (Takarada et al., 2000) and swelling of 
capillaries (Menger, Pelikan, Steiner, & Messmer, 1992). In addition, it is not known whether 
the strength gains witnessed after training with blood occlusion are due to the physiological 
responses of ischemia (decreased blood flow) in the working muscles or whether hypoxia 
(decreased muscle oxygen) is the mechanism behind the changes. If hypoxia is the 
mechanism responsible for the increase in strength, then it may be possible to improve 
strength without the deleterious effects from blood occlusion. This final study aimed to 
compare IHT and vascular occlusion exercise training regimes on muscle strength and 
endurance in female athletes and uncover any possible physiological mechanisms behind any 
changes.  
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1.2 Literature Review from Original Proposal 
Introduction 
 
Most of the world’s population lives at sea level which has optimal atmospheric pressure and 
oxygen concentration for the human body’s functioning. At altitude, the air volume expands 
due to the lowering of atmospheric pressure, which results in the reduction of oxygen 
concentration. Research in aviation physiology has contributed significantly to the 
understanding of how the human body responds and adapts to a hypoxic or low oxygen 
concentration condition. In the 1880’s an Italian physiologist, Angelo Mosso, (1846-1910) 
was the first to conduct experiments in the Italian Alps on the physiological effects of high 
altitude on humans. In 1968, the effects of altitude became a more significant area of study for 
scientists and sports coaches when the Olympic Games were awarded to Mexico City located 
at an elevation of 2,300 m (7,544 ft). Many athletes that came from sea-level countries were 
affected by the thin air of Mexico and struggled to gain medals. In particular, the sea-level 
middle and long distance runner’s performance times were significantly slower at Mexico 
City compared with their performance times at sea-level the same year. On the other hand, the 
athletes from high altitude-based countries, for example, Kenya and Ethiopia, won many of 
the medals available in the middle and long distance track events. Consequently, a number of 
investigations were initiated to address a number questions including what was the effect of 
altitude; how much high altitude can the human body endure, and for how long; does living at 
altitude and training at altitude provide an advantage to performance at sea-level; and what is 
the most effective form or model of altitude training. 
 
Recent research has started to answer some of these questions but has also uncovered 
additional problems. Training at real altitude is expensive and time consuming and may in 
fact work to decrease rather than increase performance in some cases due to the decreased 
quality of training that can be performed at altitude. Because of these disadvantages scientists 
have investigated whether there is a more efficient and less expensive way to train at low 
oxygen concentrations. From this research a series of new devices have been developed 
recently that allows altitude training without having to travel to high altitude. These devices 
were originally developed to investigate the effects of the hypoxic environment on human 
physiology. The Hypoxicator (Airo HTMH; High Tech Mixing Head, Airo Limited, New 
Zealand). is one of the simulated altitude devices which has been widely used in both sport 
and medical science. 
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Exposure to real altitude produces a drop in the partial pressure of oxygen in blood and results 
in a decrement in kidney oxygenation. This reduction of oxygen concentration stimulates the 
synthesis and release of erythropoietin (EPO), a hormone produced in the kidney, which 
subsequently stimulates erythropoiesis in the red bone marrow, finally resulting in red blood 
cell (RBC) and haemoglobin production. These haematological changes may significantly 
improve aerobic performance in endurance athletes by enhancing the delivery of oxygen to 
working muscles. Iron supplementation is a common strategy to increase the ability of red 
blood cells to deliver oxygen to exercising muscles. Iron supplementation increases the heme 
content of the haemoglobin molecule thereby allowing more oxygen to bind to and be 
transported by the RBC. A limited number of studies have addressed the effects of altitude 
exposure on EPO synthesis, RBC mass with and without iron supplementation.  
 
The scientific rationale supporting the use of altitude training for anaerobic performance is 
less compelling than aerobic performance. Altitude-induced increments in RBC mass and 
haemoglobin are physiological adaptations which probably do not significantly affect the 
anaerobic performance in athletes. One important physiological adaptation of altitude training 
is an improvement in the capacity of the skeletal muscle to buffer the concentration of 
hydrogen ions and increases the lactate threshold which may improve anaerobic performance. 
Recent research also suggests hypoxic training may affect muscle strength. Japanese 
researchers found a large (14.3%) increase in isotonic knee extension muscle strength after a 
training regimen that partially occluded the blood supply thereby decreasing oxygen levels to 
the exercising muscle (Takarada et al., 2002). The physiological mechanisms for this change 
have not been fully explained. Currently it is not known whether the increased strength is an 
adaptation to the reduced blood supply or to the subsequent hypoxic state of the muscle tissue.  
 
Therefore, there are three main objectives of my research: firstly, to explore beneficial effects 
of intermittent hypoxic exposure on muscle strength development on well trained athletes. In 
this experiment I aim to find out whether the increase in strength is due to the hypoxic state of 
the muscle rather than the blood occlusion. Secondly, to investigate performance change 
resulting from iron supplementation with live high-train low altitude exposure on elite 
athletes. Currently it is unknown what effect iron supplementation has on physiological and 
performance change with live-high train-low altitude training. Lastly, I will examine the 
performance and physiological effects of intermittent hypoxic exposure on muscular strength, 
muscular endurance, power and aerobic performance in team sport athletes. If the strength of 
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athletes can be improved by intermittent hypoxic training, I want to find out how this affects 
the aerobic and anaerobic performance of athletes. This study will also investigate the 
mechanisms behind such changes. 
 
Background Information 
 
The effect of high altitude on the human body has been of interest since 1878, when Paul Bert 
suggested in his book that the most deleterious effects of high altitude on man are caused by 
hypoxia, which is a direct result of the reduction in atmospheric pressure (Ward, Milledge, & 
West, 2000). In children and adults, profound, prolonged hypoxia may cause disability and 
even death. Effects of brief hypoxia for a few minutes or transient hypoxia for several hours 
tolerable by human body are less clear (Serebrovskaya, 2002). The thin air layer at altitude 
due to low barometric pressure causes lower partial pressure of oxygen in the lungs and 
consequently in the blood (Wilber, 2004). In long term hypoxia, the deleterious effects of low 
partial pressure of oxygen in the blood forces the human body to adapt and change, for 
example increasing in the number of red blood cells thereby improving oxygen delivery to the 
muscle and subsequently performance improvement (West et al., 1983). On the basis of the 
previously described scientific rationale, the potential physiological benefits of altitude 
training can be summarized as follow. The reductions in PIO2 (oxygen in air) and PAO2 
(oxygen in lung) result in decrements of kidney PaO2 and it is kidney oxygenation that 
stimulates the synthesis and release of Erythropoietin (EPO), which subsequently leads to an 
increase in red blood cell (RBC) mass and haemoglobin concentration. These haematological 
changes may improve an athlete’s VO2 by enhancing the blood’s ability to deliver oxygen to 
the exercising muscles. It has been shown that these improvements in RBC mass, 
haemoglobin concentration, and VO2 enhance aerobic performance (Hall & Guyton, 2010; 
Wilber, 2004). Essentially, altitude training is of interest by many sport scientists and coaches 
as a natural or legal strategy of blood doping. 
 
The interest in the effects of altitude in sports was first highlighted at the 1968 Mexico 
Olympics. Athletes from high altitude-based countries in particular Kenya and Ethiopia won a 
relatively large proportion of medals in events from the 800 m through to the marathon 
(Wilber, 2004). Such athletes continue to dominate middle and long distance running today. 
For example out of the 36 medals contested at the Beijing Olympics in 2008 in the running 
races from 800 m to the marathon, 21 (58%) were won by athletes born or living in high 
altitude Africa countries (Kenya 15 medals and Ethiopia 6 medals) (www.results.beijing 
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2008.cn). Because of the known physiological response to altitude and the high number of 
successful athletes that use altitude training, sport scientists and coaches continue to 
experiment with altitude training for the purpose of enhancing athletic performance. However, 
it remains unclear which method is best. 
 
Since the majority of athletic competitions tend to occur at or near sea level, many scientists 
have tried to find the most appropriate and beneficial type of altitude training to improve sea 
level performance. A variety of strategies have been developed to reduce the availability of 
oxygen at sea level to simulate what occurs at altitude. For example, nitrogen houses, altitude 
tents, altitude rooms, re-breathing devices, and so on. The Hypoxicator are machines which 
have been used to simulate altitude for athletes who seek performance gains. The hypoxicator 
and other such devices can dilute oxygen (either via a membrane system extracting oxygen or 
via a system which increases nitrogen gas to the body) which then creates a hypoxic 
environment. 
 
Traditionally altitude training is thought to improve performance via haematological changes. 
Levine and Stray-Gundersen were the first to provide convincing evidence on the effects of 
altitude on haematological indices when they asked a group of subjects to complete four 
different protocols (figures 1.1 and 1.2); live-low train-low (LLTL), live-high train-high 
(LHTH), live-high train-low (LHTL) and live-low train-high (LLTH); The LHTL protocol 
(live at altitude and train at or near sea level) had previously been shown to be the most 
effective method for improving sea level performance in athletes (Levine & Stray-Gundersen, 
1992) . 
• Live high-train low is the most effective form to 
improve aerobic based performance compared 
to other forms of altitude training.
Levine and Stray-Gundersen (1992)
 
Figure 1.1 Live high-train low 
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Figure 1.2 The other forms of altitude training. 
 
The initial study on LHTL on blood parameters was conducted by Levine and stray-
Gundersen (1997) and they found a significant improvement in RBC mass (5%) and 
haemoglobin (9%) (Levine & Stray-Gundersen, 1997). Stray-Gundersen (2001) has also 
found erythropoietin (EPO) increased 92% in LHTL subjects (Levine & Stray-Gundersen, 
2001). Other researchers using LHTL protocols have not found significant differences in any 
blood parameters including EPO, RBC mass and haemoglobin concentration (Ashenden, 
Gore, Dobson, & Hahn, 1999). Moreover, studies from Gore and Hopkin (2005) and Schmitt 
et al. (2006) demonstrated that an improvement in exercise economy (power per unit of VO2) 
is the more reasonable explanation for improvements in performance than haematological 
effects (Gore & Hopkins, 2005; Mounier et al., 2006#195; Schmitt et al., 2006). Regardless, 
the ability of live high-train low paradigm to elicit significant improvements in sea level 
performance is dependent upon a number of critical factors, first, the degree of hypoxia; 
second the duration of exposure to hypoxic conditions; third the exercise intensity; lastly 
inter-individual variability in adapting to hypoxic environments (Mazzeo, 2008).  
 
Altitude training is a well-known and used performance enhancing method in high 
performance sport. One of the key issues in the final outcome of altitude training is the 
problem of responders vs. non-responders. In other words, some athletes thrive on altitude 
training and their performance improves while others either fail to improve or actually get 
worse. It is not known why some athletes ‘respond’ to altitude and why others do not. There 
is a lack of information to identify who will be responders or non-responders and to design 
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training programme for individual athletes. Altitude scientists try to explore what is/are the 
mechanisms behind the differences in athletes’ response to altitude. It is clear that there is 
considerable inter-individual variability such that some athletes are ‘responders’ 
demonstrating significant increases in many key variables (e.g. erythropoietin, red cell 
volume, and other physiological variables) while other individuals are ‘non-responders’ 
showing little or no change after acclimatization (Chapman, Stray-Gundersen, & Levine, 
1998; Heinicke, Heinicke, Schmidt, & Wolfarth, 2005). Calbet et al. (2009) reported that 
heamatological adjustments play an important role in individual acclimatization (Calbet & 
Lundby, 2009). Therefore, the question has been raised, as to whether physiological and 
heamatological adjustments play roles in responders’ acclimatization or other factors 
involved. The individual differences in athletes iron levels may influence the production 
processes of RBC on the amount of oxygen each RBC can carry and may be the one of key 
role for altitude adaptation. 
 
Iron supplementation with altitude training has been used for improved performance in 
athletes (Nielsen & Nachtigall, 1998). Exposure to altitude without a supplemental dose of 
iron, results in a marked decrease in serum ferritin (Robach, Fulla, Westerterp, & Richalet, 
2004). Theoretically, iron is a requisite component of the haemoglobin molecule and serves as 
the exclusive site for oxygen binding and release. Iron is necessary for red blood cell 
multiplication; part of erythropoetic process (Wilber, 2004). Ferritin, the storage form of iron, 
is significantly decreased after three weeks altitude exposure at 2,225 m in elite male 
swimmers (Roberts & Smith, 1992). Similar results were reported in elite female speedskaters 
who lived at 2,700 m for 27 days and trained between 1,400 m and 300 m (Pauls, Duijnhoven, 
& Stray-Gundersen, 2002). These reports suggest that the hypoxic environment of altitude 
may exacerbate the requirement for iron among well-trained athletes (Stray-Gundersen et al., 
1992). In addition, recent studies have shown that endurance performance was decreased due 
to iron insufficiency in well trained non-anemic athletes (Friedmann, Weller, Mairbaurl, & 
Bartsch, 2001) signifying even if athletes meet guidelines for iron levels they may be 
disadvantaged if iron levels are not sufficient for their individual turnover rates. Whether 
additional iron via regular intramuscular injections or oral supplementation is beneficial to 
elite athletes undergoing LHTL-altitude training is not known. 
 
It is an aim of this project to investigate the different physiological and performance 
responses of athletes to moderate altitude by monitoring the athletes during an altitude camp. 
One such variable that may influence the response to altitude is the athlete’s serum iron 
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concentration. Athletes that have insufficient iron levels to adapt to the extra stress of altitude 
are less likely to benefit from such training. 
 
Additional responses that may differ between athletes and may contribute to the success of 
altitude training in individuals are changes in the autonomic nervous system. Heart rate 
variability (HRV) is a monitoring tool used to detect changes in autonomic nervous control 
that may indicate slow or impaired adaptation to altitude. HRV analysis provides a non-
invasive assessment of parasympathetic and sympathetic nervous system. A heart rate 
variability analysis may be used to detect changes in autonomic nervous control that may 
indicate slow or impaired adaptation to altitude. Altitude is an additional stress on the body 
and athletes that must also train while undergoing altitude exposure may be unable to cope 
with the increased stress, ultimately resulting in maladaptation and performance decrement. 
Measuring heart rate variability may give an insight into why some athletes respond and other 
do not. 
 
To the present day, intermittent hypoxic exposure (IHE), a form of simulated altitude training 
has been used extensively for the treatment of a variety of clinical disorders, including lung 
disease, asthma, and hypertension and in sport (Serebrovskaya, 2002). IHT whereby subjects 
breathe hypoxic air equivalent to high altitude (16-9% oxygen equal to 2,000-6,500m) 
interspersed with recovery periods of normoxic air is a common method of altitude training 
for athletes. This form of training has been shown to improve endurance performance and 
submaximal exercise efficiency (Katayama, Matsuo, Ishida, Mori, & Miyamura, 2003). Other 
forms of short hypoxic exposure include IHT (intermittent hypoxic training, where subjects 
exercise while breathing the low oxygen air) short-moderate exposures (typically 2-4 hours of 
hypoxia usually in a hypobaric chamber) and long intermittent exposures (where subjects may 
stay in a tent or hypobaric chamber for 8-12 hours per day). 
 
It is well known that muscular strength usually decreases during a sojourn to high altitude 
probably through a combination of muscle wasting caused by water loss, increased basal 
metabolic rate, decreased caloric intake and altered training intensity (Hoppeler & Vogt, 
2001). Chronic exposure to high altitude leads to a reduction in muscle cross-sectional area 
and decrease in size of muscle fibers in humans (Narici & Kayser, 1995). Hypoxia per se 
might be responsible for this atrophy. This muscle loss occurs due to real altitude exposure 
but has not been well identified by studies using IHT, in which athletes exercise under 
hypoxic conditions but live in a normoxic environment. At present, it is also unclear whether 
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combined resistance training with hypoxia (such as IHT) can improve muscular strength and 
endurance. Intermittent hypoxia can influence cellular production of ATP and alter the 
nervous control of muscle. If these systems are able to adapt to the hypoxic conditions by 
improving either the generation of ATP in the cell or recruitment of muscle cells by the 
nervous system it may lead to improved muscular performance including muscle strength. 
 
Although intermittent hypoxia has been relatively effective strategy for improving endurance 
performance in athletes, there is limited information about anaerobic performance after 
intermittent hypoxic exposure (IHE). Preliminary data suggests that anaerobic power and 
anaerobic capacity may be improved as a result of IHE (Wilber, 2004). Nummela and Rusko 
(2000) claimed that elite triathletes exhibit increased power performance in both aerobic and 
anaerobic tests after intermittent exposure (Nummela & Rusko, 2000). Hamlin et al. (2004) 
also found that intermittent hypoxia benefited the anaerobic rather than the aerobic 
performance ability in multi-sport athletes (Hamlin & Hellemans, 2004). Mizuno et al. (1990) 
reported that relative to pre-altitude value, there was a 29% increase in oxygen deficit, as well 
as a 6% increase in the buffering capacity in the quadriceps muscle (Mizuno et al., 1990). 
Moreover, a pilot study by Wood and colleagues (2006) showed that professional team-sport 
athletes exhibited enhanced performance in repeated sprint and shuttle runs following 
exposure to simulated altitude (Wood, Dowson, & Hopkins, 2006). These studies imply a 
positive effect of intermittent hypoxia on anaerobic muscle power. Whether similar positive 
effects can be found in muscle strength after intermittent hypoxia is yet to be determined.  
 
In order to gain increases in the size and strength of skeletal muscle it is commonly believed 
that training intensity or load of at least 65% of 1 repetition maximum (1 RM) is required. 
However, recent research suggests such gains may be obtainable with considerably lower 
resistance in combination with blood occlusion, even in well-trained athletes with a history of 
resistance training. Several studies have demonstrated that low-load resistance exercise 
combined with blood occlusion effectively causes increases in muscular strength (Madarame 
et al., 2008; Takarada et al., 2002; Takarada et al., 2000; Takarada, Tsuruta, & Ishii, 2004). 
Low-intensity resistance training combined with vascular occlusion has also been shown to 
improve strength and endurance in well-trained male rugby players with at least 5 years of 
weight training experience. The researchers found a large (14.3 ± 2%) increase in isometric 
knee extension strength after a training regimen that partially occluded the blood supply the 
leg, thereby, decreasing oxygen levels to the exercising muscle (Takarada et al., 2002). The 
physiological mechanisms for this change have not been fully explained. Currently, it is not 
 12 
known whether the increased strength is an adaptation to the reduced blood supply (blood 
occlusion), or to the subsequent hypoxic state of the muscle tissue, or both. It has also been 
shown that this exercise regimen markedly enhances metabolite accumulation within muscles 
(Takarada et al., 2000). Whether such improvements are due to alterations in blood flow to 
the muscle resulting in metabolic and/or pressure changes or due to alterations in blood flow 
to the muscles resulting in blood flow reduction is not clear. In addition, apart from blood 
flow reduction, hormone, growth factors, motor unit recruitment, heat stress, reactive oxygen 
species (ROS) and nitric oxide (NO) have all been suggested as possible stimuli in training 
with vascular occlusion (Goto et al., 2003; Kawada, 2005; Takarada et al., 2000). It is also 
unclear whether improvements in strength and endurance found with such training occur in 
well-trained female athletes and whether these improvements transfer to improvements in 
sport specific performance.  
  
Takarada et al. (2002) and Moritani et al. (1992) found that resistance exercise combined with 
vascular occlusion improved muscle size, strength and dynamic endurance of the knee 
extensor muscles (Moritani et al., 1992; Takarada et al., 2002). A similar result was found by 
others who reported increased muscular strength along with enhanced motor unit firing rate, 
spike amplitude, and responsiveness of muscle to calcium after blood occlusion (Moore et al., 
2004; Moritani, Stegeman, & Merletti, 2004). The mechanisms underlying such changes 
remain unclear. Increased pressure around the limb (to the order of 200 mmHg: Kaatsu 
technique) will eventually inhibit arterial inflow and venous outflow of blood through the 
occluded site. Consequently metabolites (e.g. blood lactate) will start to build-up along with a 
pooling of blood and a reduction in the oxygenation of the muscles in the occluded area. A 
build-up of metabolites in the occluded area, may increase the activity of the muscle metabo-
receptors resulting in increased release of growth hormone via sympathetic activation of the 
hypothalamus-pituitary system. Resistance exercise with blood occlusion has resulted in 
increased circulating growth hormone which may be related to muscle hypertrophy also found 
in such studies (Tanimoto, Madarame, & Ishii, 2005). In addition, ischemic strength training 
with vascular occlusion has been found to decrease motor unit threshold (Houtman, 
Heerschap, Zwarts, & Stegeman, 2002; Houtman & Stegeman, 2003; Sahlin, Soderlund, 
Tonkonogi, & Hirakoba, 1997) and increased type II fibre recruitment (Yasuda et al., 2005). 
A chronic reduction in the oxygen available may cause a shift in the muscle fibre type to 
predominantly large Type II fibres thereby increasing the strength and size of the muscle. It is 
also possible that during training the occluded muscle with lower oxygenation requires 
increased activation of additional glycolytic motor units in order to maintain force generation. 
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The increased muscle EMG found by Takarada et al. (2000), subjects exercised at  (30-50% 
repetition maximum [1RM]) would suggest additional motor units were recruited (Takarada et 
al., 2000). These studies would support this hypothesis. Hypoxia may also influence reactive 
oxygen species that may play a role in the growth and proliferation of some cell species 
leading to hypertrophy and strength increases. 
 
Such hormonal and neural changes may result in the substantial muscle hypertrophy and 
improved strength witnessed after low-intensity resistance training combined with occlusion.  
However, several studies reported that low intensity exercise training and blood flow 
restriction by cuff have potential negative effects such as high blood pressure (Takano et al., 
2005), muscle and blood vessels damage, thrombosis (Takarada et al., 2000), swelling of 
capillary endothelial cells (Menger et al., 1992), and high levels of reactive oxygen species 
(ROS) (Powers, Kavazis, & McClung, 2007). Currently it is not fully understood whether the 
improved strength witnessed after such training (occluded blood flow) is due to the 
physiological responses of ischemia or whether hypoxia is the mechanism behind the changes. 
I summarized the likely mechanisms between IHT and blood occlusion in figure 1.3. If 
hypoxia is the mechanism responsible for the increase in strength we may be able to improve 
strength by using IHT without the deleterious effects of blood occlusion. I hypothesize that 
intermittent hypoxia during low intensity strength training (20%1RM) will cause increased 
stress in the muscle forcing the muscle to adapt. Such adaptation will ultimately increase 
strength, but may also have an effect on other measures of performance related to strength 
including muscular power and endurance. The physiological mechanisms behind these 
changes are not fully understood, therefore part of this thesis will be devoted to investigating 
changes such as cross-sectional area and motor unit recruitment in order to uncover possible 
mechanisms. 
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Figure 1.3 The likely mechanisms and effects of intermittent hypoxic training (IHT) and 
blood occlusion combined with low-load resistance training. 
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Research Objectives 
 
1. Identifying possible physiological parameters that may predict responders from non-
responders in triathlon athletes undergoing training at 20-day live-high train-low altitude 
camp. 
  
2. Determine the beneficial effect of intermittent hypoxic training combined with low-load 
resistance exercise on muscle strength and endurance in well-trained subjects.  
 
3. Investigate the muscle performance and muscle cross-sectional area changes that occur 
with low-load resistance training combined with either hypoxia or blood occlusion in elite 
athletes. 
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1.3 Originality of the Thesis 
- There are limited studies in which the use of real altitude using the live high-train 
low approach has been used to improve sea-level performance in New Zealand 
athletes. This is a pioneer study examining the effect of LHTL on physiological 
variables in such athletes (study 1). 
- Currently, we do not know why some athletes respond and improve and others do 
not, study 1 is one of the first studies to attempt to answer this problem. 
- At present there is a lack of information on the effect of simulated altitude training 
on anaerobic performance. Study 2 has specifically investigated the use of low-
load resistance exercise training in conjunction with hypoxia on anaerobic 
performance. 
- This is the first study in New Zealand to investigate the effects of blood occlusion 
using the Kaatsu technique to increase muscle strength and size (study 3). This 
new technique has been used in Japan for many years but is new to Western 
countries.  There is no other study that has made comparisons between changes 
resulting from simulated altitude (IHT) using a hypoxicator compared to blood 
occlusion using the Kaatsu technique. In addition, almost all research into IHT or 
Kaatsu is on male subjects. This final study is unique because it used female 
athletes. 
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1.4 Thesis Organisation 
 
This thesis consists of five chapters. Chapter 1 contains a general introduction, a summary of 
my original literature review for my PhD proposal and the originality of the thesis. Chapters 
2, 3 and 4 are experimental studies written in manuscript format for publication in target 
journals. Chapter 5 provides a general summary and conclusions. There are references for 
each study, in Chapters 2 to 4, which are again collated at the end of the thesis in APA format. 
 
Chapters 2, 3 and 4 comprise experimental studies 1, 2 and 3, respectively. Each chapter 
consists of an individual abstract, introduction, methods, results, discussion, conclusions, 
acknowledgements and references. 
 
The appendices contain ethical approval of three studies, documents used in the thesis, 
published article and research photos (Appendices A-E). 
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     Chapter 2 
Live high-Train low (LHTL) Altitude Training:  Responders 
vs. Non-responders 
2.1 Abstract 
The use of altitude training remains controversial despite its wide utilisation by athletes. This 
study aimed to investigate differences between athletes that responded (improved their 
performance) compared to those that did not (decreased their performance) after a 20-day 
“live high-train low” (LHTL) training camp. Ten elite triathletes completed 20 days of live 
high (Snow Farm, New Zealand, 1545 m), train low (Wanaka, New Zealand, 300 m) training. 
The athletes underwent (i) two 800-m swimming time trials at sea-level (1 week prior to and 1 
week after the altitude camp) (ii) two 10-min standardised submaximal cycling tests (250 W 
for males and 200 W for females) at an altitude of 1,545 m on the first (day 1) and last day 
(day 20) of the training camp. All subjects were randomly assigned to receive iron 
supplementation (n=5) or placebo (n=5). Based on their 800-m swimming time trial, athletes 
were divided into responders (improved performance by 3.2  2.2%, mean  SD, n = 6) and 
non-responders (performance decreased by 1.8  1.2%, n = 4).  Compared to non-responders, 
the responders had lower exercise heart rates (-6.3  7.8%, mean  90% confidence limit), 
and higher oxygen saturations (1.2  1.3%) at the end of the 10-min submaximal test at the 
end of the altitude camp. Non-responders were 3 times (90% confidence limit = 0.5-16.6) 
more likely to suffer mild to severe symptoms of acute mountain sickness during first 5 days 
of altitude compare to responders. By virtue of random allocation, 66% of responders and 
25% non-responders consumed iron supplements during the camp. Our results show 
considerable individual variation in performance exists in response to 20 days of LHTL 
among elite triathletes undergoing similar training. Changes in SpO2 and HR during exercise 
may help determine responders from non-responders. 
 
Keywords 
oxygen saturation, acute mountain sickness, submaximal exercise 
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2.2 Introduction 
The LHTL protocol (live at altitude and train at or near sea level) has been shown to be the 
most effective altitude training method for improving sea level performance among athletes 
(Bonetti & Hopkins, 2009; Levine & Stray-Gundersen, 1992). One of the key issues in the 
final outcome of LHTL altitude training is the problem of responders vs. non-responders.  
Some athletes thrive on altitude training and their performance improves, while others either 
fail to improve or suffer performance decline. It is currently not known why some athletes 
‘respond’ to altitude and why others do not.  
 
Many researchers have investigated the individual variability in athletes’ response to altitude 
training. Investigators have suggested that some athletes experience a better haematological 
response at altitude than others (Chapman et al., 1998; Heinicke et al., 2005) which may help 
reduce stress by allowing more oxygen to be transported to the working muscle. Chapman 
and colleagues (1998) found that performance improvement related to increased 
Erythropoietin (Epo) which increased total red cell volume and subsequently VO2max after a 
28-day altitude training camp in responders (Chapman et al., 1998). Wide inter-individual 
variability has been found in erythropoietic response to the altitude training which might not 
identify those elite athletes who respond to altitude training (Friedmann et al., 2005). Recently 
researchers have searched for genetic determinants in the individual variability of the Epo 
response to altitude which may help explain why some athletes respond and some do not. 
However, Jedlickova et al.’s (2003) study demonstrated little association between the 
proposed genes involved in Epo regulation and Epo response to hypoxia (Jedlickova et al., 
2003). In addition, Hypoxia Inducible Factor (IHF-1) gene expression quantification after a 3-
h hypoxic test performed before training was unable to predict poor and good responder 
athletes to the living high-training low model (Mounier et al., 2006). One study demonstrated 
that individual difference in the tolerance to hypoxia may be explained by an increased Acute 
Mountain Sickness (AMS) incidence (Burtscher, Szubski, & Faulhaber, 2008). In short, the 
differentiation between responders and non-responders are probably based on many factors: 
genetic predisposition (Wilber, Stray-Gundersen, & Levine, 2007), automatic nervous system 
adaptation (Hamlin et al., 2011), hypoxia-induced ventilator drive (Ainslie, Kolb, Ide, & 
Poulin, 2003) and other factors. It is clear that there is considerable individual variation in the 
physiological responses of athletes using altitude training but, it is still relatively unclear how 
we predict responders from non-responders. 
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The aim of the current project was to investigate different physiological (i.e., oxygen 
saturation, heart rate and performance responses) and subjective (AMS, rate of perceived 
exertion [RPE] during exercise) responses of athletes undergoing training at a 20-day altitude 
camp in the hope of identifying possible physiological parameters that may predict responders 
from non-responders. 
  
2.3 Methods 
Subjects 
Ten elite triathletes were recruited from the New Zealand Academy of Sport development 
programme.  All of the subjects (6 males and 4 females) who participated in the present study 
were international level athletes.  The research was conducted over the summer period at 
Snow Farm (1,545 m), Wanaka, New Zealand. The study was approved by the Lincoln 
University Human Ethics Committee.  Informed, voluntary, written consent was obtained 
from each subject prior to the start of the study.  All subjects were free from injury, lived at 
sea level and had not been residents at altitude within the past 6 months.  Subject 
characteristics and baseline measures of training are presented in Table 2.1.  
 
****Table 2.1 near here**** 
 
Study design  
The elite triathletes slept and stayed at Snow Farm (1,545m) and travelled to train at Wanaka 
(300 m) for approximately 2.7 ± 1.2 hour/day for 20 days during the camp. The athletes were 
assigned to train aerobic based performance, swimming, biking and running which were 
instructed by coaches. All subjects performed two exercise tests; swimming and submaximal 
cycling pre and post training camp. During the altitude camp, five subjects were randomly 
selected to receive iron supplementation 1capsule a day (controlled release iron tablets 
containing dried Ferrous Sulphate BP 325 mg [equivalent to 105 mg element iron], vitamin C 
500 mg as sodium ascorbate [FERROGRAD
®
 C, Abbott Laboratories (NZ) Ltd, Naenae]), 
while five subjects received a placebo (the same size capsule which contained plain flour) 1 
capsule a day. Retrospectively, based on their 800-m swim time trial, athletes were divided 
into responders (n = 6) who had positive results (decreased their swimming time) and non-
responders (n = 4) who had negative results (increased their swimming time).   
 
Testing 
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Maximal Exercise Test 
Performance was assessed by individual 800-m timed swim trials in a standard 25-m pool 
near sea level.  Time trials were performed at the same time each day with similar water 
temperature and brands of swimming costumes.  Subjects completed a standardised 10-15 
min warm-up with stretching prior to the swim.  Subjects were instructed to try to achieve the 
best time possible during the swim, but were not provided any feedback on time or pace.   
 
Submaximal Exercise Test 
The submaximal cycling test was performed at altitude 1,545 m on each athlete’s own bicycle 
set up on a stationary ergometer (Cycle Ops Fluid 2, Madison, WI, USA) at the same time of 
day, on the first and last day of the altitude camp.  Subjects performed the 10-min 
submaximal test at 250 W (for males) or 200 W (for females) during which heart rate (S610; 
Polar, Kempele, Finland), oxygen saturation (Sport-Stat, Nonin Medical, Minneapolis, MN) 
and rate of perceived exertion were recorded every minute. Subjects performed a 10-minute, 
self-selected warm-up before the test followed by a 5-minute self-selected warm-down.  
 
Ongoing Monitoring  
All of the subjects were monitored daily for:  morning heart rate, body weight, oxygen 
saturation and subjective perception of fatigue, muscle soreness, sleep, stress and training 
performance before breakfast at 6.00-6.30am. The Lake Louise Acute Mountain Sickness 
Score and training intensity and volume were recorded throughout the camp. All athletes had 
a similar diet during experimental period. The athletes were measured  
 
Training 
Training loads were calculated via the training impulse (TRIMP) method (Banister & Calvert, 
1980), which was expressed as product of stress (duration of activity) and strain (a 5-point 
Likert-type scale based on exercise heart rate; easy=1, steady=2, moderately hard=3, hard=4, 
very hard=5). The heart rate training zones were indentified initially from laboratory based 
cycling and running lactate tests, and confirmed or adjusted by training sessions performed in 
the field prior to the altitude training camp. The following training zones were established; 
easy, corresponded to heart rates where lactate was ≤ resting lactate concentration, steady = 
heart rate at the first lactate turn point, moderately hard = heart rate range between the first 
and second lactate turn point, hard = heart rates that matched the second lactate turn point (~4 
mmol.L
-1
) and very hard = heart rate from the second lactate turn point to maximum heart 
rate.  
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Data analysis  
All data are means and standard deviations (SD) within and between groups and subjects. We 
used the baseline data as a covariate in the analysis to adjust for any differences between 
groups at baseline. We used a contemporary statistical approach because small performance 
changes can be beneficial for elite athletes (Hopkins, Hawley, & Burke, 1999), whereas 
conventional statistics can be less sensitive to such small but worthwhile changes. 
Specifically, we used magnitude-based inferences about effect sizes, and then to make 
inferences about true (population) values of the effect, the uncertainty in the effect was 
expressed as 90% confidence limits (CL). The probability that the true value of the effect was 
practically negative, trivial, or positive accounted for the observed difference, and typical 
error of measurement (Batterham & Hopkins, 2006). The natural logarithm of each measure 
was analysed to reduce any effects from non-uniformity errors and then back-transformed. 
For the physiological variables, the value was determined by multiplying the baseline 
between-subject standard deviation by Cohen’s value of the smallest worthwhile effect of 0.2 
(Cohen, 1988). The unequal variances t statistic was used to analyse differences in the mean 
change between groups. The difference in the proportion of responders taking iron 
supplementation and having Acute Mountain Sickness were analysed using the general linear 
modelling procedure (Proc Genmod version 8.2, SAS Institute Inc., Cary, N.C.) and given as 
relative risk. The smallest worthwhile change in 800-m performance was assumed to be a 
reduction or increase in performance time of more than 1.0%, based on previous research into 
elite athletes competitive performance (Paton & Hopkins, 2005). 
 
2.4 Results 
Based on any improvement (change) in the sea level 800-m, swim time trial, all of the 
subjects were retrospectively grouped as responders and non-responders (Figure 2.1). 
Responders performance improved by 3.2 ± 2.2%, mean ± SD and non-responders 
performance decreased by 1.8 ± 1.2%. 
 
*****Figure 2.1 near here***** 
 
Physiological variables 
Heart rate and SpO2: Compared to non-responders, responders heart rate at the end of the 5 
and 10 minute periods of the submaximal cycle test were lower (-3.8 ± 4.4% and -6.3 ± 7.8%, 
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mean ± 90% CL, respectively). Relative to the non-responders, the responders also showed a 
substantial increase in SpO2 at the start (0 minute 2.1 ± 1.7, mean ± 90% CL) and at the end 
of the 10 minute submaximal cycle test (1.2 ± 1.3%). Responders SpO2 at the end of the 5
th 
minute of the cycle was elevated compared to non-responders but was not substantially 
different (Table 2.2). 
 
*****Table 2.2 near here***** 
 
Iron supplementation: Interestingly, 4 of the 6 responders who improved their swimming 
performance were taking iron tablets during the altitude camp while 3 of the 4 non-responders 
were taking placebo.  In other words, those participants that underwent iron supplementation 
were 4.0 times (90% CL = 1.3-12.8) more likely to improve performance than participants 
who did not take the supplement. 
 
 Subjective variables 
Compared to non-responders, responders were more likely to have a lower RPE score before 
(0 min) and after (end of 5 min recovery) the 10-min submaximal cycle tests (Table 2.3). 
Changes to RPE score during the 10-min cycle test were unclear. 
  
*****Table 2.3 near here***** 
 
Continuous data collection was taken throughout the 20 days of altitude training, including, 
morning SpO2, heart rates and body weight. There were substantial differences in morning 
SpO2 at day 1, 2 and 3 between responders and non-responders (1.1 ± 2.0 %, 1.0 ± 1.1 % and 
0.8 ± 0.8 %, mean ± 90% CL ). The morning heart rates were not substantially different 
between groups. The body weights in non-responders tended to decline from day 1 to day 6 
(no substantial difference from day1) of altitude camp, then changed little throughout the 
camp. Compared to responders, non-responders body weights were substantially higher at day 
1, 2 and 3 (5.8 ± 7.6 kg, 6.0 ± 7.5 kg, 6.0 ± 7.6, mean ± 90% CL) of camp (Figure 2.2).  
 
*****Figure 2.2 near here***** 
 
Subjective scores for fatigue, muscle soreness, the Lake Louise Acute Mountain Sickness 
(LL-AMS) score and training performance are presented in Figure 2.3. The scores for fatigue 
and muscle soreness in non-responders showed mostly higher scores from day 1 to day 20 
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compared to responders during the camp. For the LL-AMS, non-responders were 3 times 
(90% CL = 0.5-16.6) more likely to suffer mild to severe symptoms of AMS during first 5 
days of altitude compared to responders. Specifically, at day 3 and 5, the mean AMS score in 
responders and non-responders were substantially different (2.3 ± 2.2, 1.2 ± 1.8, mean ± 90% 
CL). Compared to non-responders, responders also indicated (substantially different) training 
performance was better particularly at day 2, 10 and 15 (0.8 ± 1.0, 0.5 ± 0.6 and 0.8 ± 0.6, 
mean ± 90% CL). 
 
*****Figure 2.3 near here***** 
 
2.5 Discussion 
This study had two main findings.  First, in response to the 20-day camp utilizing a LHTL 
protocol, responders had a substantially higher exercise SpO2 and lower exercise HR during a 
submaximal cycle test at altitude.  Second, based on the Lake Louise Acute Mountain 
Sickness Score and the subjective perception scores of fatigue and muscle soreness during 
altitude training, it seems that responders coped with the LHTL protocol stress better than 
non-responders (see Figure 2.3). An unexpected but potentially clinically useful finding was 
that non-responders had consistently higher submaximal exercise RPE scores compared to 
responders (Table 3). In addition, we found that athletes were more likely to respond to 
altitude training if they were taking supplemental iron tablets. 
  
It is obvious from our results that the LHTL strategy is not effective for all athletes trying to 
improve sea-level performance. The mechanisms that contribute to individual variability in 
responders and non-responders are difficult to elucidate. Large inter-individual variations in 
physiological responses to hypoxia have been reported including: erythropoietin release 
(Friedmann et al., 2005) and maximum oxygen consumption (Chapman et al., 1998). Previous 
research has suggested a possible reason for performance variation with altitude training  is 
differences in gene expression (Mounier et al., 2006; Wilber et al., 2007) and may also relate 
to different stress thresholds within athletes (Hamlin et al., 2011). Such variation may create 
an environment where some athletes might find the demand of coping with altitude in 
addition to normal training too stressful and maladaption may ensue, while others may thrive, 
giving rise to the performance variation observed.  
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Physiological variables 
Our study, found responders showed a substantial improvement in SpO2 at 0 min (or just prior 
to the test after 5 min standardised warm up) and in the last minute of submaximal cycle test 
compared to non-responders. In fact, during the submaximal cycle test, all athletes decreased 
their SpO2 to varying degrees which underscores the individual variability in physiological 
variables among elite athletes. Some researchers have reported significant increases in arterial 
oxyheamoglobin saturation which contributed to significant improvement in exercise 
performance with LHTL (1,860 m) via supplemental oxygen (Wilber et al., 2003). Similar 
findings have been noted among climbers after a 21-day expedition to 6,194 m (Green et al., 
2000). However, these two studies did not separate responders from non-responders. The 
relative increase (compared to non-responders) in the current study in SpO2 could be 
explained in part by increased haemoglobin concentration (Savourey et al., 1996), enhanced 
erythropoietic response (Friedmann et al., 2005; Hamlin & Hellemans, 2004), which may 
have lead to increased red cell volume (Heinicke et al., 2005) and subsequently increased 
arterial oxygen content. Weil et al. (1968) noted a graded response such that an increase in red 
cell mass was proportional to oxyhaemoglobin saturation at sea level and altitude (Weil, 
Jamieson, Brown, & Grover, 1968). Moreover, most athletes who took iron supplementation 
tended to have an improvement in their swimming performance compared to the athletes on 
the placebo. This may suggest a haematological aspect is involved in the beneficial adaptation 
to altitude. It is likely that the chronic hypoxic stress facilitates increased red cell production 
(when adequate iron level is available) which leads to an increase Hb available to carry 
oxygen to muscle cells (an increased SpO2).  
 
Relative to non-responders, the heart rates of responders at 5 min and 10 min during the 
submaximal cycling were substantially lower.  It is unclear what the underlying physiological 
mechanisms for these changes are, though the lower demand for oxygen which may be related 
to the higher SpO2 levels could in turn reduce cardiovascular demand. We also found that 
responders had higher relative SpO2 to wattage ratio than non-responders. This may indicate 
responders use less oxygen for the same workload (at submaximal exercise). We suspect that 
changes in exercise economy (i.e., power per unit of oxygen consumed) may be responsible 
for the changes witnessed in the responders. Three to six percent improvements in economy 
have been observed after various hypoxic interventions with athletes (Katayama et al., 2004; 
Saunders et al., 2004). This may imply that responders have a greater ability to maintain 
training workload during altitude camps. These findings are consistent with the results of the 
Chapman et al. study (1998), where individual variability in the response to altitude training 
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was accounted for by maintenance of training intensity and oxygen uptake values (Chapman 
et al., 1998). We suggest that the higher exercise SpO2 in responders reflects higher arterial 
partial pressure of oxygen. Responders are therefore able to train at higher intensities without 
delving into anaerobic energy systems and subsequently fatigue and therefore get 
performance improvement. The other possible cause for lower heart rates in responders during 
submaximal exercise may due to the elevation of red cell volume, therefore blood volume, 
stroke volume and ultimately cardiac output may become elevated, subsequently decreasing 
heart rate. A recent study demonstrated that red cell volume remained elevated in responders 
after 2 weeks of altitude training, while non-responders red cell volume returned to their 
original levels (Heinicke et al., 2005). However, such linkages between heart rate changes and 
response to altitude require further research to confirm findings. 
 
Subjective variables 
We observed that non-responders found the submaximal exercise test subjectively harder 
(high RPE score) than responders. Svedenhag et al. (1991) found that 2 weeks at altitude 
(2000 m) training improved RPE during exercise compared to sea-level training (Svedenhag, 
Saltin, Johansson, & Kaijser, 1991) but there are currently no studies comparing the perceived 
exertion of responders with non-responders. Bailey et al. (1998) also reported that 4 weeks of 
altitude training (1500-2000 m) improved RPE when performing a submaximal exercise test 
at sea-level in elite distance runners (Bailey et al., 1998). A high correlation between RPE and 
HR was reported by Borg and Noble (1974), O’Sullivan (1984) and Robertson (1982) in a 
variety of work tasks (cycling and treadmill) and under varying exercise conditions (moderate 
to heavy intensity) (Borg & Noble, 1974; O'Sullivan, 1984; Robertson, 1982). It seems a 
major influence on RPE scores is the build-up of blood lactate due to insufficient aerobic 
processes to meet the demands of heavy exercise (O'Sullivan, 1984). We postulate that non-
responders are required to meet the energy demands of exercise at altitude through greater 
anaerobic means thus pushing up RPE and heart rate. Further work is required to substantiate 
this hypothesis.  
 
Acute mountain sickness (AMS) and the subjective perception score on fatigue, muscle 
soreness and training performance demonstrated that non-responders were probably not 
acclimatizing to the extra stress of training and hypoxia to the same extent as responders. 
Fatigue and muscle soreness scores indicated more stress after 24-h exposure to altitude (day 
1) in non-responders compared to responders. Overall non-responders had a higher daily score 
on most days of the altitude training camp in all of the subjective parameters (Figure 3). 
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Recent research suggested that AMS sufferers have less resting pain thresholds and 
subsequently increased exercise-induced muscle soreness which were caused by free-radical-
mediated skeletal muscle damage (Bailey, Davies, Young, Hullin, & Seddon, 2001). 
Pathophysiology of AMS is unknown. Bailey et al. (2009) and Julian et al. (2011) reported 
that increased cerebral output of free radicals during hypoxia mediated disruption of blood-
brain barrier (Bailey et al., 2009) and hypoxia induces biochemical changes that disrupt the 
blood-brain barrier and subsequently, lead to the defining symptoms of AMS (Julian et al., 
2011). Therefore headaches, which were the main symptoms of AMS in this study, may be 
due to brain blood vessel vasoconstriction resulting from exposure to altitude. This may result 
in hypoxaemia, which stimulates chemoreceptors inducing hyperventilation and subsequent 
hypocapnia (Otis, Rossman, Schneider, Rush, & Ringelstein, 1989). The vasoconstriction to 
hypoxic hypocapnia at high altitude suggests that cerebrovascular responses may be impaired 
at altitude, i.e. a maladaptation (Norcliffe et al., 2005) which may cause headaches in these 
AMS athletes. In short, AMS and the subjective perception scores of fatigue and muscle 
soreness could be a sign of those who adapt well to moderate altitude. It seems the responders 
adapt to the extra stress of training at altitude whereas the non-responders find the extra stress 
of training and altitude too much and subsequently maladapt. Such changes in these 
subjective measures of participants may be useful for coaches as an early detection 
mechanism for those athletes not coping with the altitude and training.  
 
Reasons behind the varied performance response to LHTL training is probably multi-factorial 
however genetics may play a large part (Scoggin, Doekel, Kryger, Zwillich, & Weil, 1978). 
Studies have shown that a transcriptional factor, called a hypoxia-inducible factor (HIF), is 
essential in promoting cellular adaptation to changes in oxygen availability and regulating the 
hypoxic gene expression (Gunga et al., 2007). Under hypoxic conditions, the HIF-1α complex 
is stable, allowing for transcriptional activation and ultimate stimulation of proteins such as 
EPO (Caro, 2001; Samaja, 2001) and vascular endothelial growth factor (Wang & Semenza, 
1996). HIF-1α also moderates other physiological responses at altitude including glucose 
transport and glycolytic enzyme activity (Clerici & Matthay, 2000). Conversely, the studies of 
Mason et al. (2004) and (2007) showed an importance evidence that under low-oxygen 
conditions glycolysis is the central source of anaerobic energy which regulated by HIF-1α. It 
can be seen in HIF-1α knockout mice that loss of HIF-1α in skeletal muscle causes an 
adaptive response by shift from glycolytic pathway toward fatty acid oxidation pathway 
leading to an increased capacity for endurance exercise (Mason et al., 2004; Mason et al., 
2007). Non-responders in this study probably sensitive to hypoxic condition consequently 
produce more IHF-1α compared to responders. However, researchers have been unable to 
identify genes that can be overwhelmingly linked to the individual variability observed in 
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responders versus non-responders (Jedlickova et al., 2003) and HIF-1α gene expression 
quantification is unable to predict poor and good responder-athletes to the LHTL model 
(Mounier et al., 2006). From this research it seems clear that athletes who respond to altitude 
are less stressed in term of lower heart rate and higher levels of arterial oxygen saturation 
during submaximal exercise. Athletes that are not responding seem to perceive themselves as 
being more fatigued have more muscle soreness and higher AMS scores on the first few days 
of altitude. However, the mechanisms behind responders and non-responders remain unclear 
(Levine & Stray-Gundersen, 2006). Possible confounding factors behind athletes who respond 
to altitude training and those that do not may be their iron stores. Clearly, there is the need for 
further studies to investigate possible mechanisms. 
 
A limitation of this study is lack of a sea-level control group which does not allow us to 
distinguish whether the observed effects are due to the altitude or to the effect of training. 
However, we consider our observations are worthwhile given the lack of information on such 
groups (elite triathletes all ranked within the world top 100). Nevertheless, these results 
should remain speculative until further research is conducted in a more controlled study. 
 
2.6 Conclusion   
This investigation demonstrated that changes in some simple measures taken during 
submaximal exercise (SpO2, HR and RPE) or at rest (perceived score of fatigue, muscle 
soreness, training performance and the acute mountain sickness score) during an altitude 
sojourn may be useful indicators for classifying athletes that are coping and are likely to 
improve subsequent sea-level performance from those that are suffering increased stress and 
are likely to decrease subsequent sea-level performance. These physiological indicators and 
subjective variables provide non-invasive screening for athletes who could profit from such 
hypoxic exposure.   
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Tables 
 
Table 2.1  Characteristics and training workloads of athletes in the two training groups 
Variables 
Responders 
(n = 6) 
Non-responders 
(n = 4) 
Age (y) 23.5  4.2 21.0  2.0 
Body mass (kg) 64.7  7.4 66.1  7.4 
Height (cm) 173.2  6.4 175.2  5.1 
Gender male 3; female 3 male 3; female 1 
BMI (kg.m
-2
) 21.8  1.3 21.8  3.1 
Swim Training (Trimp. d
-1
) 163.7  69.5 161.7  68.3 
Bike Training (Trimp .d
-1
) 218.3  127.3 184.3  84.8 
Run Training (Trimp .d
-1
) 137.1  96.1 113.9  73.4 
Total Training (Trimp .d
-1
) 519.0  41.4 459.8  35.9 
Data are mean ± SD. No substantial difference between groups. 
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Table 2.2  Mean changes in physiological measures during a 10-min submaximal cycle test     
(post minus pre) and chances that the differences represent real changes.  
 
                  Mean Changes (%) 
 Chances that true differences  
are substantial
a
  
 Responders 
(n = 6) 
Non-Responders 
(n = 4) 
Difference;
b
       
 90% CL 
% Qualitative inference 
Body weight 1.3 ± 0.6 0.3 ± 2.9 1.9  6.4 42 Unclear 
HR 0 min 4.8 ± 6.6 10.3 ± 14.7 -6.8  18.3 68 Unclear 
HR 5 min -4.7 ± 3.9 -1.0 ± 10.6 -3.8 ± 4.4 86 Likely 
HR 10 min -2.5 ± 8.5 3.3 ± 12.6 -6.3  7.8 87 Likely 
SpO2 0 min 1.5 ± 2.8 -0.8 ± 2.0 2.1  1.7 95 Very likely 
SpO2 5 min 4.0 ± 3.8 2.3 ± 0.9 1.4 ± 2.4 73 Unclear 
SpO2 10 min 3.3 ± 1.5 2.3 ± 0.5 1.2  1.3 83 Likely 
Data are mean ± SD. Pre, day 1 of altitude training; Post, day 20 of altitude training; HR 0 min, heart rate  after 
5 min warm up prior to 10-min submaximal cycle test; HR 5 min, heart rate at 5
th
 min during the 10-min 
submaximal cycle test; HR 10 min, heart rate during last minute of 10-min submaximal cycle test; SpO2 0 min, 
arterial oxyhemoglobin saturation  after 5 min warm up prior to 10-min submaximal cycle test; SpO2 5 min, 
arterial oxyhemoglobin saturation at 5
th
 min during the 10-min submaximal cycle test; SpO2 10 min, arterial 
oxyhemoglobin saturation during last minute of 10-min submaximal cycle test. 
 a
Based on the smallest 
substantial change of 1.0% for all measures.  90% CL: add and subtract this number to the mean effect to 
obtain confidence limits for the true difference. 
b
Differences between groups after adjustment for baseline 
measures in both groups.
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Table 2.3  Mean rates of perceived exertion at day 1(pre) and day 20 (post) in responders                    
and non-responders before, during and after submaximal cycle test 
 Responders 
(n = 6) 
Non-Responders 
(n = 4) 
 Chances that true 
differences  are 
substantial
a
 
Pre Post Pre Post 
Difference;       
 90% CL 
% 
Qualitative 
inference 
RPE 0 min 11.3  1.6 12.2  1.3 10.0  0.8 12.5  0.6 -1.4  1.3 92 Likely 
RPE 5 min 12.8  1.6 13.0  1.9 11.5  1.3 13.0  1.2 -0.9  2.1 69 Unclear 
RPE 10 min 13.5  2.4 13.7  1.8 12.8  1.0 13.8  1.0 -0.6  1.4 57 Unclear 
RPE cool down 10.0  1.4 8.8  1.2 8.5  1.7 9.5  1.3 -1.6  1.2 96 Very likely 
Data are mean ± SD.  RPE 0 min, rate of perceived exertion after 5 min warm up prior to 10-min submaximal cycle 
test; RPE 5 min, rate of perceived exertion at 5 min during to 10-min submaximal cycle test; RPE 10 min, rate of 
perceived exertion during last minute of 10-min submaximal cycle test; RPE cool down, rate of perceived exertion 
during last minute of 5 minute cool down after 10-min submaximal cycle test. 
 a
Based on the smallest substantial 
change of 0.2 for all measures.  90% CL: add and subtract this number to the mean effect to obtain confidence 
limits for the true difference. 
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Figures 
     
 
Figure 2.1  Individual data for 800-m swimming time trial (sec) in the responders and  non-
responders 1 week before (baseline) and 1 week after (post-test) altitude camp.                         
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 Figure 2.2  Daily monitoring for HR, SpO2 and body weight throughout the altitude camp. 
Closed circles represent responders and open circles represent non-responders. *Substantial 
difference from non-responders. Values are mean ± SD 
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Figure 2.3  Subjective fatigue, muscle soreness and Lake Louise Acute Mountain Sickness 
score in both responders (closed circles) and non-responders (open circles) throughout the 
altitude camp. * Substantial difference from non-responders. Values are mean ± SD 
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     Chapter 3 
Effect of Low-Load Resistance Training Combined with 
Hypoxia on Muscular Strength and Endurance 
3.1 Abstract 
Many endurance athletes use different forms of hypoxic training (HT) in an attempt to 
improve aerobic performance; however, the efficacy of HT to elicit anaerobic performance 
improvement is relatively unclear. To determine the effect of normobaric hypoxic exposure 
combined with low-load resistant exercise on muscular strength and endurance, twenty-one 
well-trained males (33 ± 6.7 y, mean ± SD) participants participated in a five-week exercise 
training study of the knee extensor muscles. Low-intensity (~50% 1 Repetition Maximum 
(RM), 1 RM) exercise combined with normobaric hypoxia (FIO2 set to produce arterial 
oxygen saturations of ~85-87% HT, n = 7), low-intensity exercise combined with normoxia 
(FIO2 = 0.21, NT, n = 7) and no exercise training (untrained control, n = 7) were included. 
Total training load was equal in both training groups (HT and NT). Two days before, and 1-2 
days after training, all subjects performed isometric strength (3-s peak maximal voluntary 
contraction, MVC3) and endurance tests (area under 30-s force curve [MVC30], % drop in 
force over 30 s [fatigue] and total number of repetitions completed at 50% 1RM 
[Reps501RM]). Relative to the control group, the NT and HT groups increased MVC30 after 
training by 4.7 ± 10.5% (mean ± 90% confidence interval) and 21.8 ± 9.5 %, respectively. 
The change in MVC30 as a result of training was clearly higher in the HT compared to the NT 
group (14.4 ± 10.4%; likely beneficial). In addition, compared to the NT group, the HT 
group’s fatigue was substantially less (-13.6 ± 8.0%; very likely beneficial) after training. 
Relative to untrained controls, Reps501RM showed positive improvements in the HT and NT 
groups (12.5 ± 31.5% and 16.4 ± 37.5 %, respectively). The chances that the true effect of 
hypoxia in conjunction with low-load resistant exercise on subsequent 30-s isometric strength 
and fatigue performance was very likely beneficial, but the effects of such training on peak 
force (MVC3) were unclear. These results suggest that low-load resistance training in 
combination with hypoxic breathing is very likely to be worthwhile for improving isometric 
strength and fatigue in well-trained males. 
 
 Keywords 
Intermittent hypoxia, skeletal muscle, strength, endurance 
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3.2 Introduction 
Over the last decade, there has been a proliferation of studies investigating the effects of 
hypoxia, normally induced by altitude, on performance. Most of these studies have used the 
hypoxic environment to induce beneficial aerobic performance changes; however, very few 
have investigated the effects of hypoxia on anaerobic performance. Moreover, increase effort 
has been placed on the most efficient method of inducing an hypoxic environment in athletes. 
Intermittent hypoxic exposure at rest (IHE) and intermittent hypoxic exposure during exercise 
(commonly referred to as intermittent hypoxic training [IHT]) have become popular with a 
athletes (Wilber, 2004); With a recent review indicating IHT may be better at inducing sea-
level mean power output improvements (Bonetti, Hopkins, Lowe, Boussana, & Kilding, 
2009).  
 
The scientific rationale supporting the use of altitude training for anaerobic performance is 
less compelling than for aerobic performance. Commonly reported altitude-induced 
increments in red blood cell (RBC) mass and haemoglobin (Rodriguez et al., 1999) are 
physiological adaptations that are less likely to affect anaerobic performance in athletes. 
However, one important physiological adaptation of altitude training is the improved capacity 
of the skeletal muscle to buffer the concentration of hydrogen ions and subsequently increase 
the lactate threshold, which may improve anaerobic performance. Gore et al. (2001) found 
muscle buffer capacity improved approximately 18% after altitude exposure at 3000 m for 23 
days in elite athletes  (Gore et al., 2001).  
 
Although Gore et al. (2005) highlighted a possible beneficial anaerobic adaptation to 
intermittent hypoxia  (Gore & Hopkins, 2005), there has been little research completed in this 
area. Preliminary data suggests that anaerobic power (5%) and anaerobic capacity (4%) 
improved as a result of IHT measured via 30-sec Wingate test (Meeuwsen, Hendriksen, & 
Holewijn, 2001). Nummela and Rusko (2000) claim that runners exhibited increases in 
anaerobic performance (400 m speed improvement) after 10 days normobaric hypoxic 
exposure (Nummela & Rusko, 2000).  Moreover, a pilot study by Wood and colleagues 
(2006) showed that professional team-sport athletes exhibited enhanced performance in a 
repeated-sprint test following exposure to a simulated altitude environment (Wood et al., 
2006). In addition, intermittent hypoxic exposure is beneficial to anaerobic rather than aerobic 
performance ability in multi sport athletes  (Hamlin & Hellemans, 2007) and the use of IHT 
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in a normal training programme in well trained athletes produces worthwhile gains in 30-s 
sprint performance (Hamlin et al., 2010).  
 
To date, there is limited data that describe the impact of IHT during resistance exercise on 
strength and muscular endurance performance. It is well known that muscular strength usually 
decreases during a sojourn at high altitude, probably through a combination of muscle wasting 
caused by water loss from muscle cells, increases in basal metabolic rate, decreases in caloric 
intake and altered training intensity (Hoppeler & Vogt, 2001). Currently, it is not known 
whether training in hypoxic conditions (such as IHT) can either decrease the loss in muscular 
strength or increase strength. Many studies suggest a positive effect from intermittent hypoxia 
on anaerobic muscle power. Whether similar positive effects can be found in isometric muscle 
strength and endurance after intermittent hypoxia is yet to be determined. Therefore, the main 
objective of this research is to explore the beneficial effects of intermittent hypoxic exposure 
on muscle strength and endurance development on well-trained subjects.  
 
3.3 Methods 
Subjects 
A group of 21 subjects were randomly selected into a hypoxic-training (HT), normoxic-
training (NT) and control (non-training) group. Participants in the HT and NT groups were 
well-trained individuals undertaking no resistance training at the beginning of the study. All 
participants were fully informed about the experiment procedures to be used and the purpose 
of the study and their written informed consent was obtained. This study was approved by the 
Lincoln University Human Ethics Committee. Subject characteristics shows in Table 3.1. 
 
**** Table 3.1 near here**** 
 
Training 
Participants in the training groups performed bilateral knee extensions (from 0
o
 to 90
o
, where 
0
o
 was full extension) in a seated position using an isotonic leg extension machine. During 
training, participants received either a normobaric hypoxic gas (HT group) or normobaric 
normoxic gas (NT group) via a hypoxicator system (Airo HTMH; High Tech Mixing Head, 
Airo Limited, New Zealand). Participants breathed from a respiratory airo mask connected to 
the hypoxicator. Inspired oxygen fraction was set at 0.11 (simulated altitude; 5000 m) for 
hypoxia and 0.21 for normoxia. During the training sessions heart rate and arterial oxygen 
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saturation were monitored with a pulse oximeter at the end of each exercise bout (Sport-Stat, 
Nonin Medical, Minneapolis, MN). 
 
The repetition maximum (1RM) was determined by using National strength & Conditioning 
Association protocol. To estimate 1RM from a 10RM test-measured value, have the athlete 
perform a set of 10 repetitions with a light weight, add additional weight and have the athletes 
perform another set of 10 repetitions. A rest of 2-4 minutes should be allowed between trials 
to insure adequate recuperation. Continue the process until a weight allowing only 10 reps is 
discovered. The athlete can then consult a table and find in the 10-reps column the weight 
athlete achieved and then find the weight in the same line in the 1RM column to estimate the 
1RM. The 50% 1RM would then be calculated for training. Each participants was asked to 
report at the same time for three sessions per week for five weeks (15 sessions in total). Each 
session consisted of four sets of resistance exercises with a 30 second rest period between 
each set. The resistance was approximately 50% 1RM, determined at least two days before 
the start of training and was unchanged throughout the study. The HT group were asked to 
repeat the lifting movement in each set until failure. The NT group was then instructed to 
match the repetitions performed by the HT group, to ensure equal training load. Participants 
were instructed to lift and lower the load at a constant velocity (approximately two seconds 
for each concentric and eccentric phase). Participants were asked to continue to breathe the 
gas mixture throughout the training session (during lifting and at rest), which took 
approximately 10 minutes in total. All training sessions were preceded by a 5-minute warm-
up on a cycle ergometer (breathing normal room air) at a self-selected intensity and also 
stretching of the major muscle groups of the upper and lower leg. Participants in the control 
group did no training. All participants were instructed to maintain their normal diet and levels 
of activity with no new exercise activity especially resistance exercise introduced during the 
study period. The daily exercise activities apart from low-load resistance training were 
recorded throughout the study. 
 
 
Force Measurement Testing 
All muscle contractile measurements were conducted on the non-dominant lower limb with 
the participants seated in a leg extension machine. Velcro straps around the hips and chest 
were used to limit the lateral and frontal displacement of the body. In addition, participants 
were asked to use the hand grips on the extension machine to steady and maintain their 
position during testing. Force was measured by a load cell (Tension/S-beam load cell, AST 
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500, PT Instruments, UK) fixed to the lower leg with a Velcro strap around the ankle (2-3 cm 
above medial malleolus) at a knee angle of 80
o
. Maximal voluntary contraction (MVC) 
consisted of producing the highest possible force for three seconds. The participants were 
strongly encouraged and the best result from three trials (interspersed by a five minute 
recovery) was used for analysis of muscle endurance. After 10 minutes rest, knee extension 
muscular endurance was measured in the same way as MVC, except participants were 
encouraged to continue to produce a maximal force throughout a 30-second time period. The 
area under curve was used for analysis. Muscular fatigue was measured as the decrease in 
force from the maximum to the minimum during the 30-seconds. After another 10 minutes 
rest, dynamic endurance was measured by measuring the number of leg extension repetitions 
each participants could complete with a 50% 1RM load. 
  
Continuous data collection was completed throughout the 15 days of low-load resistance 
training, including, arterial oxygen saturation and heart rates at the end of set 4, and daily 
muscle soreness scores taken prior to training each day. 
 
A schematic of the time line is shown in Figure 3.1. The control group testing was performed 
pre/post test in the same period as the two training groups but without training. 
 
****Figure 3.1 near here**** 
 
Data analysis  
All data are means and standard deviations (SD) within and between groups and participants. 
We used a specifically designed spreadsheet available for controlled trials to calculate the 
magnitude-based inferences on effect sizes, and then to make assumptions about true 
(population) values of the effect, the uncertainty in the effect was expressed as 90% 
confidence limits (CL). The probability that the true value of the effect was practically 
negative, trivial, or positive accounted for the observed difference, and typical error of 
measurement (Batterham & Hopkins, 2006). The natural logarithm of each measure was 
analysed to reduce any effects from non-uniformity errors and then back-transformed. Little 
evidence exists on the smallest worthwhile change in MVC or strength performance with 
training. Therefore we generated this value by multiplying the baseline between- participants  
standard deviation by Cohen’s value of the smallest worthwhile effect of 0.2 (Cohen, 1988). 
Effects that were simultaneously both >75% likely positive and <5% negative were 
considered substantial and beneficial. An effect was deemed unclear if its confidence interval 
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overlapped the thresholds for substantiveness; that is, if the effect could be substantially 
positive and negative. 
 
3.4 Results  
The pre-post mean differences in muscular performance measures in the untrained control, 
normoxic and hypoxic training groups is shown in Table 3.2. Undertaking low-load resistance 
strength training combined with breathing hypoxic gas substantially improved indicators of 
muscular strength and endurance 16.1 ± 13.9%, 108.3 ± 171.1(kg) and 28.0 ± 16.4 (#), mean 
± SD for fatigue, MVC30, and number of reps respectively. 
 
***Table 3.2 near here*** 
 
The comparison of muscular performances among the three groups is shown in Table 3.3. 
Compared to the untrained control group, MVC30 (21.8 ± 9.5, mean ± 90% confidence limits), 
Reps501RM (18.8 ± 14.8) and Fatigue (-17.9 ± 4.2) all substantially improved in HT group 
after training. Similar but less substantial changes were found between the control and NT 
groups. Changes in strength (MVC3) were unclear in all groups after training.  
 
***Table 3.3 near here*** 
 
Breathing hypoxic gas while undertaking similar low-load resistance training produced 
substantially higher in SpO2 and heart rate at the end of MVC30 compared to breathing 
normoxic gas. The pre-post difference in SpO2 and heart rate measured immediately after 
muscular performance tests (MVC3, MVC30 and Reps501RM) are shown in Table 3.4. 
Compared to the untrained control group, the HT group showed substantial improvement in 
SpO2 at the end of MVC30 (1.0 ± 0.5, mean ± 90% confidence limits).  
 
***Table 3.4 near here*** 
 
Figure 3.2 shows changes in FIO2 and heart rate recorded at the end of each days final training 
set throughout the 15-day study period. The HT group’s arterial oxyhemoglobin saturations 
were maintained between approximately 85-87% throughout the study, whereas the NT 
group’s SpO2 remained at 100%. Compared to NT, the HT participants produced slightly 
higher heart rates overall and in particular at day 10 and 11. Apart from the first 2 days of 
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training, the HT participants reported substantially higher perceived muscle soreness 
throughout the study.  
 
***Figure 3.2 near here***  
 
3.5 Discussion 
To our knowledge this was the first study that has found positive performance effects after 
low-load resistance exercise (LRE) training in hypoxia. We have found that improvement in 
the muscles’ response to low-load resistance training is facilitated by performing the 
resistance training under hypoxic conditions. Although this hypoxic training results in 
improvements of up to approximately 14% compared to similar training under normoxic 
conditions, it also generates substantially higher levels of muscle soreness. The results suggest 
that LRE in conjunction with hypoxia is an effective strategy to enhance performance in well-
trained male participants.  
 
In this study we did not investigate the mechanism(s) behind the muscular performance 
changes per se, however, we found substantial changes to SpO2 at the end of MVC30 test and 
increased muscle soreness which may point towards underlying changes involved.  
 
There are three likely mechanisms underlying the enhancement of muscle strength and 
endurance in our participants. Firstly, metabolites from hypoxic muscles may have induced 
increased growth hormone release. Secondly, neuromuscular change in hypoxic muscles may 
have induced increased motor unit recruitment especially in type II muscle fibres. Finally, 
muscle buffer capacity improvement may involve in muscle’s ability to resist fatigue. These 
mechanisms will now be discussed further. 
 
The muscle strength improvement in this study was similar to that found in blood occlusion 
with low-load resistance exercise in healthy participants (Clark et al., 2010) and in athletes 
(Takarada et al., 2002) .The most likely reason for the improvement in performance in this 
study was the lack of oxygen induced hypoxia in the working muscles (quadriceps). 
Undertaking isometric exercise while breathing hypoxic air has been shown to accumulate 
metabolic sub-products (blood lactate) in the muscles during exercise (Katayama, Yoshitake, 
Watanabe, Akima, & Ishida, 2010). Kon et al. 2010 also reported that the increased muscle 
metabolites resulted in increases in anabolic hormones such as a growth hormone (GH) and 
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insulin like growth factor (IGF-1) after resistance exercise in hypoxia compared to normoxia 
(Kon et al., 2010). Furthermore, Takarada (2002) also found the increase in knee extension 
strength was mainly caused by muscle hypertrophy after strength training in hypoxic 
conditions (Takarada et al., 2002). We speculate that under hypoxic conditions a greater 
release of anabolic hormones such as GH occurs which leads to increased adaptation and 
strength.  
 
A second possible mechanism for the strength improvement witnessed in our study may be 
mediated by neuromuscular adaptation after hypoxic training. Melissa et al (1997) has 
suggested that leg training under hypoxic conditions tends to increase the type II fibre cross-
sectional area but not type I (Melissa, MacDougall, Tarnopolsky, Cipriano, & Green, 1997). 
Dousset et al (2001) has reported a larger increase in iEMG (integrated electromyographic 
signal) during exercise in hypoxia and this may reflect increased recruitment and also a shift 
towards type II fibre recruitment (Dousset, Steinberg, Balon, & Jammes, 2001). The 
accumulation of metabolites during isometric exercise in hypoxia may play a part in iEMG 
increment (Katayama et al., 2010). We suggest that low-load resistance exercise in additional 
to breathing hypoxic air has resulted in hypoxic conditions at the muscles leading to 
decreased oxygen and increased acidic conditions. Such conditions would fatigue the type I 
fibres earlier and induce recruitment of additional motor units (ones involving type II muscle 
fibres) to maintain the required force. Using predominantly type II fibres during resistance 
training (under hypoxic conditions) would cause adaptation of these selected fibres resulting 
in hypertrophy of these muscles and the enhanced performance found in the HT group. 
                   
In addition the improvement of the fatigability of muscles was also observed with hypoxic 
training. The percent of muscle fatigue when a 30-second MVC was applied in this study 
demonstrated that HT training was an efficient regimen to increase anaerobic muscle 
performance in well-trained subjects. These results suggest that resistance exercise with IHT 
may play a role in the ability to withstand fatigue. Training under hypoxic condition may help 
muscle to adapt in an acidic environment (by buffering hydrogen ion) and increase the 
anaerobic threshold. The studies reported that living and training in  hypoxia (real or 
simulated moderate altitude 2000-3000 m) elevates muscle buffer capacity (Gore et al., 2001; 
Mizuno et al., 1990).   A previous study on the effect of intermittent hypoxic training on 20-
km time trial and 30-s anaerobic performance indicated likely benefits in 30-s mean power. 
This benefit may relate, in part, to the oxygen carrying capacity or a decrease in oxygen cost 
with a change in the metabolic fuel source. Carbohydrate is a more efficient fuel in terms of 
 47 
ATP generation per mole of oxygen consumed compared to protein or fat (Hamlin et al., 
2010). Gore and co-workers revealed that exercise economy increased after hypoxic training 
probably via reduced whole body oxygen consumption during the submaximal exercise (Gore 
et al., 2001) and increased carbohydrate flux reflecting a shift towards carbohydrate 
utilization (Gore & Hopkins, 2005). A better fatigability in the muscles found in HT group 
may be due increased efficiency of the aerobic metabolic pathways or up-regulation of the 
anaerobic pathways. We suggest that an up-regulating of the muscle buffering system under 
hypoxic condition allow the muscles to do more work during anaerobic state, consequently, 
type II fibres were trained more resulting in improved performance including strength, 
endurance and fatigability.  
  
Interestingly, throughout the training period (from day 2 to day 15 of LRE), the hypoxic 
training group showed more muscle soreness compared to normoxic training. We speculate 
increased soreness is related to high relative work load in the HT group which resulted in 
greater damage compared to nomoxic training. A lack of oxygen in working muscle would 
result in early fatigue of the type I muscle fibres resulting in more work being accomplished 
by the type II fibres. It has been reported that high force muscle contraction can result in 
muscle damage and consequent with inflammatory processes (MacIntyre, Reid, & McKenzie, 
1995), inflammatory cells (macrophages) produce growth promoting factors and influence 
skeletal muscle hypertrophy (Koh & Pizza, 2009). This mechanism may involve in muscle 
strength improvement. The other possibility of muscle soreness induce muscle performance 
gain may involve with post-exercise free radical production which are necessary for muscle 
regeneration and adaptation following damage (Close, Ashton, McArdle, & MacLaren, 2005). 
These possible mechanisms behind the muscle soreness induce muscle strength and endurance 
gains in this study needs further investigate. 
 
3.6 Conclusion 
Relative to normoxic training, hypoxic training with low-load resistance produced a 
substantial improvement in the MVC30, and fatigue. These results suggest that adding 
increased stress (i.e. hypoxia) can stimulate further adaptation and result in improved strength, 
endurance and less fatigue but more muscle soreness. Low partial pressure of oxygen in 
working muscles may be the major underlying mechanism for changes involved in low-load 
resistance training, however, the mechanisms are yet to be fully understood. Further study is 
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required to gain a better understanding of the underlying physiological mechanisms behind 
adaptations that occur with IHT and low-load resistance training.  
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Tables 
 
Table 3.1 Characteristics of subjects in the three groups 
 
NT  
(n = 7) 
HT  
(n = 7) 
CT  
(n = 7) 
Age (yr) 30.4 ± 7.9 33.1 ± 4.5 35.7 ± 7.2 
BMI (kg.m
-2
) 23.3 ± 3.3 23.9 ± 4.2 23.7 ± 1.0 
Weight (kg) 70.8 ± 10.9 73.9 ± 10.0 70.0 ± 3.4 
Height (cm) 174.3 ± 3.6 176.3 ± 4.3 171.2 ± 2.1 
Training (hr.wk
-1
)  0.7 ± 0.0  0.7 ± 0.0  0.0 ± 0.0 
Data are means ± SD. NT, normobaric normoxic group; HT, normobaric hypoxic group; CT, control (no train)  
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Table 3.2 Muscle performance measures in the 3 groups before and after 5 weeks training. 
                        NT 
 
                       HT 
 
                 CT 
 
Pre Post Diff 
 
Pre Post Diff 
 
Pre Post Diff 
Fatigue 
(%) 
19.5 
 ± 10.2 
16.5 
 ± 10.3  
-3.1  
± 10.6 
 
23.9  
± 17.4 
7.7  
± 3.9 
-16.1*  
± 13.9 
 
23.4  
± 13.7 
25.4  
± 15.7 
1.9  
± 4.9 
MVC3  
(kg) 
43.9  
± 13.7  
44.6  
± 11.9 
0.6 
± 10.2 
 
42.7  
± 10.6 
52.5  
± 19.8 
9.8  
± 12.9 
 
36.9  
± 11.8 
37.9  
± 11.7 
1.1  
± 2.7 
MVC30 
(kg) 
1096.6 
 ± 377.6  
1050.6  
± 232.5  
-46.0 
± 158.3  
 
1036.4  
± 305.5 
1144.7  
± 190.8 
108.3  
± 171.1 
 
885.9  
± 340.9 
859.7  
± 300.9 
-26.2  
± 94.0 
Reps 
501RM 
 (#) 
24.6  
± 6.7 
43.4  
± 16.2 
18.8*  
± 12.1 
 
28.0  
± 13.6  
56.0  
± 28.1 
28.0*  
± 16.4 
 
18.1  
± 5.9 
21.6  
± 7.1 
3.4  
± 2.4 
Data are means ± SD. Fatigue, % change in fatigue in 30 seconds; MVC3, the peak maximum voluntary contraction 3 
seconds; MVC30, area under the 30 sec MVC curve; Reps501RM, the number of repetitions able to be performed at 50% 
1RM *substantial difference from pretest. NT, normobaric normoxic group; HT, normobaric hypoxic group; CT, control 
(no train) 
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Table 3.3  Difference in the changes in performance variables between groups, and likelihood that the true difference     
represents a substantial improvement or impairment in performance (practical outcome) 
 
CT vs. NT CT vs. HT NT vs. HT 
Mean Effect 
(%), ±90%CL 
Practical 
Outcome 
Mean Effect 
(%), ±90%CL 
Practical 
Outcome 
Mean Effect 
(%), ±90%CL 
Practical 
Outcome 
Fatigue (%) -5.9, 9.5 Unclear -17.9, 4.2 Most likely -13.6, 8.0 Very likely 
MVC3 (kg) 5.7, 17.9 Unclear 15.8, 33.1 Unclear 13.2, 31.6 Unclear 
MVC30 (kg) 4.7, 10.5 Trivial 21.8,  9.5 Very likely 14.4, 10.4 Likely 
Reps501RM (#) 12.4, 10.4 Very likely 18.8, 14.8 Very likely 6.2, 14.2 Unclear 
± 90% confidence limits: add and subtract this number to the mean effect to obtain the 90% confidence limits for 
the true difference.  Fatigue, %change in fatigue in 30 seconds; MVC3, the peak within maximum voluntary 
contraction 3 seconds; MVC30, area under the 30 sec MVC curve; Reps501RM, the number of repetitions able to 
be performed at 50% 1RM; NT, normobaric normoxic group; HT, normobaric hypoxic group; CT, control (no 
train) 
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Table  3.4  Differences in the changes between groups in arterial oxyhemoglobin and heart rate at the end of 
MVC3, MVC30 and 501RM Reps testing sessions. Included is the likelihood that the true difference represents a 
substantial benefit or harm (practical outcome). 
 
CT vs. NT CT vs. HT NT vs. HT 
 Mean Effect 
(%), ±90%CL 
Practical 
Outcome 
Mean Effect 
(%), ±90%CL 
Practical 
Outcome 
Mean Effect 
(%), ±90%CL 
Practical 
Outcome 
SpO2: 
      
 MVC3 0.0,1.1 Unclear 0.3,0.8 Unclear -0.2,1.1 Unclear 
 MVC30 0.4,0.6 Likely 1.0,0.5 
Very 
likely 
0.9,0.8 Likely 
 Reps501RM 0.5,1.2 Unclear 1.0,1.1 Likely 0.2,0.8 Unclear 
Heart rate:       
 MVC3 1.3,5.6 Unclear 8.3,7.4 Likely 3.4,6.4 Trivial 
 MVC30 -0.8,8.8 Unclear 2.6,9.4 Unclear 6.4,7.1 Likely 
 Reps501RM  9.9,7.9 Likely 4.1,12.2 Unclear -5.4,13.1 Unclear 
± 90% confidence limits: add and subtract this number to the mean effect to obtain the 90% confidence limits for 
the true difference. MVC3, the peak within maximum voluntary contraction 3 seconds; MVC30, area under the 30 
sec MVC curve; Reps501RM, the number of repetitions able to be performed at 50% 1RM; NT, normobaric 
normoxic group; HT, normobaric hypoxic group; CT, control (no train) 
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Figures 
 
 
 
Figure 3.1  Low-load resistance training protocol and muscle performance testing 
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Figure 3.2 The daily arterial oxygen saturation (SpO2) and heart rate (HR) at the end of four sets of resistance 
exercise training and the daily muscle soreness score in hypoxia (closed circles) and normoxia (open circles). 
Values are mean ± SD. *substantial difference between hypoxia and normoxia. 
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     Chapter 4 
Effect of Low-Load Resistance Training Combined with 
Vascular Occlusion or Hypoxia on Muscle Function and 
Performance in Athletes 
4.1 Abstract 
We investigated the effects of blood occlusion or normobaric hypoxic exposure, combined 
with low-load resistant exercise (LRE), on muscular strength and endurance in female netball 
athletes. Thirty female netball athletes (20.2 ± 3.3 y, mean ± SD) participated in a five week 
exercise training study of the knee extensor and flexor muscles, in which all three groups 
performed the same low-intensity (20% 1Repetition Maximum, 1RM) exercise training. The 
Kaatsu training (KT) group performed LRE combined with blood occlusion: (cuff pressure 
160-230 mmHg, n=10), compared to normobaric hypoxic training (HT) (FIO2 0.10, n=10) or a 
control training regime (CT, n=10) (exercise without blood occlusion or hypoxic breathing). 
One day before and one day after training all athletes performed a series of muscle function 
tests (3-s peak maximal voluntary contraction [MVC3], area under 30-s force curve [MVC30], 
and number of repetitions at 20% 1RM [Reps201RM]). Cross-sectional area (CSA) of the 
quadriceps and hamstring muscle groups and sport-specific performance were also measured 
before and after the five week training programme. Relative to the CT, the KT and HT groups 
increased MVC3 (11.0 ± 11.9% and 15.0 ± 3.1%), MVC30 (10.2 ± 9% and 18.3 ± 17.4%) and 
Reps201RM (28.9 ± 23.7% and 23.3 ± 24%, mean effect ± 90% confidence interval) after 
training. The percent changes in total CSA of both quadriceps and hamstring muscles as a 
result of training increased by 6.6 ± 4.5%, 6.1 ± 5.1% and 2.9 ± 2.7% in the KT, HT and CT 
groups, respectively. In addition, compared to CT, the KT group’s sport-specific performance 
in the 5 and 10 m sprints, 505 agility, vertical jump and beep tests were substantially higher 
after LRE training. Similarly for the HT group, the sport-specific fitness values were 
increased but only 505 agility showed substantial benefits compared to CT groups. The results 
suggest that blood occlusion combined with low-load resistance exercise substantially 
improved muscle strength and endurance, but almost identical improvements could also be 
found when training in hypoxic conditions. These findings suggest that the hypoxic condition 
of the muscles during blood occlusion and hypoxic training may play a key role in the 
subsequent performance changes.  
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Keywords 
intermittent hypoxia, blood occlusion, Kaatsu training, skeletal muscle, strength, endurance, 
muscle cross-sectional area 
 
4.2 Introduction 
Strength training is an important part of most sports conditioning programs and plays a major 
role in injury prevention and rehabilitation (Escamilla & Wickham, 2003). It is suggested that 
resistance of at least 60% of 1 repetition maximum (1RM) is required to produce strength 
gains, however, for optimal strength gain loads in excess 80% of 1RM are usually 
recommended (Fleck & Kraemer, 2004). Low-load resistance exercise (20-50% of 1RM), 
combined with vascular occlusion, has been proposed as an alternative to heavy resistance 
exercise, especially when high forces acting upon the musculo-skeletal system are 
contraindicated (Wernbom, Augustsson, & Raastad, 2008). Several studies on low to 
moderate resistant exercise combined with blood occlusion have shown muscle strength (  8-
14%) and si e (  4-12%) improvement (Abe, Kearns, & Sato, 2006; Takarada et al., 2002). 
However, the physiological mechanisms by which blood occlusion combined with low-load 
resistance exercise increases muscle strength and size are not clear. In addition, the 
practicality and safety of training with vascular occlusion remains controversial. 
 
Intermittent hypoxic training (IHT), where the amount of oxygen presented to the muscle is 
reduced, has been reported to improve aerobic (Meeuwsen et al., 2001) and anaerobic (Wood 
et al., 2006) performance in athletes. We found in a previous study that substantial 
improvement of knee extensor muscle strength and endurance occurred in well trained male 
subjects after IHT (Manimmanakorn, Hamlin, & Ross, 2010)  while previous researchers have 
reported improved 30-sec all out power in a Wingate test after IHT (Hamlin et al., 2010). 
Since blood occlusion with a reduced oxygen concentration in the muscle (Tanimoto et al., 
2005) is similar to IHT (Katayama et al., 2010), it is possible that the cause of many the 
positive gains found with blood occlusion training (also known as Kaatsu training) are due to 
the reduced oxygen concentration rather than the reduced blood flow per se. 
 
Therefore, this study will investigate whether any change in muscle cross-sectional area and 
strength occurring with low-intensity resistive exercise during blood occlusion can be 
replicated with IHT. Results from this study will indicate whether these changes are due to the 
hypoxic nature of the occlusion or to some other physiological change resulting from blood 
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occlusion. In addition, as most of the research in this area has been conducted in males, this 
study aimed to investigate the physiological changes of such exercise in young female 
athletes. Finally, we investigate whether any improvement in strength and endurance from the 
interventions results in any beneficial changes in sport specific performance. 
 
4.3 Methods  
Subjects 
A group of 30 female netball players were randomly selected into three training groups:  
hypoxic training (HT), Kaatsu training (KT), and control training (CT). All of the subjects 
were fully informed about the experimental procedures used and the purpose of the study and 
their written consent was obtained prior to any testing. The study was approved by the 
Lincoln University Human Ethics Committee. 
 
Training 
All subjects performed bilateral knee extensions from 0
o
 to 90
o
 (when 0
o
 is at full extension) 
in a seated position using an isotonic leg extension machine and knee flexions 0
o
 to 90
o
 in the 
prone position using a leg curl machine. During each set of knee extension and flexion 
training, subjects in the HT group received normobaric hypoxic gas via a hypoxicator system 
(Airo HTMH; High Tech Mixing Head, Airo Limited, New Zealand). Subjects breathed 
hypoxic gas provided from the Airo machine using a nitrogen dilution procedure. The 
inspired oxygen fraction was set at 0.10 (simulated altitude; 5000 m) during training. The KT 
group performed training with restricted venous leg blood flow (Kaatsu training) in both 
thighs. Prior to the start of training, subjects in the KT group were familiarized with the 
Kaatsu protocol (we increased the pressure in the cuffs up to 120, 140 and 160 mmHg for 30 
seconds with a 10 second rest between each pressure level). During training, the pressures 
exerted by the Kaatsu cuffs on the mid thighs, (which gradually increased by 10 mmHg each 
day), started at 160 mmHg at day 1 going up to 230 mmHg by day 8. Pressure then remained 
unchanged until the end of the training (Abe et al., 2006). Heart rate and arterial oxygen 
saturation were monitored by a pulse oximeter at the end of each exercise set (Sport-Stat, 
Nonin Medical, Minneapolis, MN). The CT group performed knee extension and flexion 
exercises with the Kaatsu cuffs on but not inflated (<5mmHg) and breathed normal ambient 
room air.  
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Subjects were asked to complete three training sessions per week for five weeks (15 sessions 
in total). Each session consisted of three sets of resistance exercises with a 30 second rest 
period between each exercise set. The resistance used was 20% of one repetition maximum 
(1RM), which was determined at least two days before the start of training and was 
unchanged throughout the study. The repetition maximum (1RM) was determined by using 
National strength & Conditioning Association protocol. To estimate 1RM from a 10RM test-
measured value, have the athlete perform a set of 10 repetitions with a light weight, add 
additional weight and have the athletes perform another set of 10 repetitions. A rest of 2-4 
minutes should be allowed between trials to insure adequate recuperation. Continue the 
process until a weight allowing only 10 reps is discovered. The athlete can then consult a table 
and find in the 10-reps column the weight athlete achieved and then find the weight in the 
same line in the 1RM column to estimate the 1RM. The 50% 1RM would then be calculated 
for training. The KT and CT groups were asked to repeat the lifting movement in each set 
until failure. The HT group were then instructed to match the repetitions performed by the KT 
group to ensure equal training load between groups. Subjects were instructed to lift and lower 
the load at a constant velocity (about two seconds for each concentric and eccentric phase). 
Subjects were asked to breathe the gas mixture or keep the thigh blood flow occluded 
throughout the training session (during lifting and at rest), which took approximately 20 
minutes. All training sessions were preceded by a 5-minute warm-up on a cycle ergometer at 
a self-selected intensity and stretching the major muscle groups of the upper and lower legs. 
All groups were asked not to undertake any other training (specifically resistance exercise) for 
the duration of the study. Athletes were instructed to maintain their normal diet and levels of 
activity. The daily exercise activities apart from low-load resistance training were recorded 
throughout the study. 
 
 
Force Measurement Testing 
All muscle contractile measurements were conducted on the non-dominant lower limb with 
the subjects seated in a leg extension machine. Velcro straps were used to limit lateral and 
frontal displacement of the body during testing. Force was measured by a load cell 
(Tension/S-beam load cell, AST 500, PT Instruments, UK) fixed to the lower leg with a 
Velcro strap around the ankle (2-3 cm above the medial Malleolus) at a knee angle of 80
o
. 
Maximal voluntary contraction (MVC) measurements consisted of producing the highest 
possible force for three seconds (MVC3). The subjects were strongly encouraged and the best 
force from two trials (interspersed by a five minute recovery) was used for analysis. After a 
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10 minute rest, muscle strength-endurance was measured by having the subjects perform a 30-
s MVC (MVC30). Area under the 30-s curve was used as measure of strength-endurance and 
fatigue was calculated as the decrease in force from the maximum to the minimum over the 
30 second timeframe. After a further 10 minutes rest, dynamic muscle endurance was 
measured by measuring the number of repetitions each subject could complete with a 
20%1RM load (Reps201RM). All isometric strength values were standardised to account for 
any changes in body weight.  
 
Sport Specific Testing 
Two days before and after the five week training period all athletes completed a series of 
sport-specific fitness tests for netball players including: the vertical jump, 5 and 10 m sprints, 
agility 505 and a 20 m beep test. The explosive power was evaluated by the maximum effort 
countermovement jump test using standard procedures (Yardstick, Swift Performance 
Equipment, New South Wales). The best of three attempts was recorded. The sprint tests 
involved running distances, 5 and 10 m for which subjects were asked to perform maximum 
effort sprints. The best of two trials was recorded. Times for all running tests used two sets of 
electronic speed timing lights (Speed-Light, Swift Performance equipment, Goonellabah, 
Australia). The agility 505 test is designed to test agility by minimising the influence of 
individual differences in running speed while measuring acceleration before and after change 
of direction. The best of two trials was recorded with at least 5 minutes recovery between 
each trial. Times for each run were recorded a set of electronic speed timing lights (Speed-
Light, Swift Performance equipment, Goonellabah, Australia). In the 20 m multistage aerobic 
test, subjects were required to run repeatedly back and forth over a distance of 20 m. Their 
task was to match the “beep” sound on a pre-recorded compact disc with placement of the 
foot on or over the 20 m line. The test began at walking speed and increased progressively 
until exhaustion following the standard procedure from Leger and Lambert (1982) (Leger & 
Lambert, 1982). The maximal oxygen consumption (VO2max) and maximal attained speed 
(MAS) were predicted based on beep test data before and the after training period. 
 
Magnetic resonance imaging (MRI) 
To investigate the possible physiological mechanisms involved in any change in muscle the 
strength and endurance, subjects had their legs cross-sectional area measured by magnetic 
resonance imaging (MRI). An MRI scan was conducted on subjects 1 week before and 2-5 
days after the five week training period. Images were acquired on a Siemens 1.5 Tesla Avanto 
MRI. Coronal STIR (short-tau inversion recovery) images were acquired through the thighs 
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bilaterally using a large field of view.  The coronal images were acquired to include the 
femoral head and the distal aspect of the femur bilaterally.  Axial fast spin echo T1 weighted 
(TR 531 ms, TE 12 ms) images were then acquired through the thighs, starting from the level 
of the greater trochanter and extending distally with a slice thickness of 9 mm, and 9.9 mm 
gap, matrix of 384 x 308.  The axial images pre and post-exercise were obtained in a uniform 
fashion starting at the level of the greater trochanter to ensure that appropriate calculations 
were obtained from these two data sets at the level of the mid thigh. From the axial images, at 
the level of the mid thigh, cross sectional areas of the knee flexor muscles: the biceps femoris 
(long head), semimembranosus, and semitendinosus muscles and the knee extensor muscles: 
rectus femoris, vastus medialis, vastus lateralis were obtained using the InteleRad PACS 
viewing software.  The area to be measured was outlined by hand, and the PACS software 
calculated the cross sectional area of the desired outlined area. Each measurement of cross 
sectional area was obtained 3 times, the means of CSA were used. 
 
Subjective ratings 
A visual analogue scale was used for determining muscle pain. The scale has been established 
as a valid and reliable instrument to measure muscular pain intensity (Summers, 2001). The 
participants were asked to record their daily subjective rating of pain after resistance training 
on 10-point scale (0 for no pain to 10 for worst pain).  
 
 Data analysis 
We used a specifically designed spreadsheet available for controlled trials to calculate the 
magnitude-based inferences about effect sizes (Hopkins, 2006), and then to make assumptions 
about true (population) values of the effect, the uncertainty in the effect was expressed as 90% 
confidence limits (CL). The probability that the true value of the effect was practically 
negative, trivial, or positive accounted for the observed difference, and typical error of 
measurement (Batterham & Hopkins, 2006). The natural logarithm of each measure was 
analysed to reduce any effects from non-uniformity errors and then back-transformed. Little 
evidence exists on the smallest worthwhile change in MVC or strength performance with 
training. Therefore, we generated this value by multiplying the baseline between-subject 
standard deviation by Cohen’s value of the smallest worthwhile effect of 0.2 (Cohen, 1988). 
The chances that the true effects were substantial were estimated by the spreadsheet (Hopkins, 
2006) when a value for the smallest worthwhile effect was entered. We used 1% for the sport 
specific performance measures (jump, sprint, beep tests, etc.). Effects that were 
simultaneously both >75% likely positive and <5% negative were considered substantial and 
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beneficial. An effect was deemed unclear if its confidence interval overlapped the thresholds 
for substantiveness; that is, if the effect could be substantially positive and negative. The 
muscle performance data (MVC3, MVC30, and Reps201RM) were standardised by body 
weight to avoid the effect of muscle mass changes on muscle strength and endurance.  
 
4.4 Results 
Subject Characteristics 
 
The characteristics of the subjects in the three groups are shown in Table 4.1. There was no 
substantial difference observed in anthropometric measurements or training loads. 
 
***Table 4.1 here*** 
 
Performance variables (MVC3, MVC30, and Reps201RM) before (pre) and after (post) five 
weeks training are given in Table 4.2. Clearly, substantial improvements in all performance 
measures were found after training in the hypoxic training groups. While training with blood 
occlusion showed worthwhile gains in MVC30 and Reps201RM, the control groups 
performance remained relatively unchanged as a consequent of the study. Differences 
between KT and HT groups were trivial or unclear (Table 4.3).  
 
***Table 4.2 and 4.3 near here*** 
 
 
Relative to control training, 5 m and 10 m sprint, 505 agility, vertical jump, beep test, MAS, 
and predicted VO2max performance were substantially increased in the Kaatsu training group. 
Interestingly, KT showed higher benefit than hypoxic training in the 505 agility (Table 4.4). 
 
***Table 4.4 near here*** 
 
Low-load resistance training in all three groups was illustrated by the impact on muscle size 
(Table 4.5). Total CSA as a result of training increased by 6.6 ± 4.5%, 6.1 ± 5.1% and 2.9 ± 
2.7% in the KT, HT and CT, respectively. CSA changes in both KT and HT were 
substantially higher than changes in the CT group. Kaatsu training showed the largest changes 
in muscle cross-sectional area among the three training groups. Changes in extensor muscle 
cross-sectional area were greater in KT compared to HT (3.2 ± 2.1 vs. 1.8 ± 1.2 cm
2
), whereas 
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cross-sectional area increase was larger for HT compared to KT for flexor muscles (1.7 ± 0.8 
vs. 1.1 ± 0.8 cm
2
). 
 
***Table 4.5 near here*** 
 
Figure 4.1 illustrates the daily pain score in the three groups. HT showed the highest score 
from Days 1 to 9 then decreased from Days 10 to 15, while KT and CT showed minimal 
changes from Day1 to Day 15. 
 
***Figure 4.1 near here*** 
 
The magnetic resonance images of transverse sections of the mid-thigh in CT, KT and HT 
groups were showed in Figures 4.2, 4.3 and 4.4, respectively. Compared to baseline, muscle 
CSA in both KT and HT groups showed substantial gains while in the CT group the CSA was 
relatively unchanged. 
 
***Figures 4.2, 4.3 and 4.4 near here*** 
 
4.5 Discussion 
The purpose of this study was to assess the efficacy of low-load resistant exercise (20% 1RM) 
combined with blood occlusion or hypoxia at increasing muscular strength and endurance. 
The major finding of the study was that five weeks of low-load resistance exercise  training in 
conjunction with either blood occlusion or hypoxia increased muscle strength and endurance 
compared to control training (without blood occlusion and hypoxic breathing). However, 
while both types of training improved muscle strength and endurance, Kaatsu training 
appeared to provide the most beneficial sport specific performance changes for Netball 
players. 
 
This is the first study to compare the effects of LRE coupled with blood occlusion or IHT on 
muscle strength, endurance and performance. Several studies have consistently shown that 
Kaatsu training induces increased muscle strength and hypertrophy (Abe et al., 2006; Clark et 
al., 2010; Takarada et al., 2002) but little is known about the effects of such training with 
intermittent hypoxia. The only evidence from previous research (in this thesis) showed that 
LRE combined with IHT can produce improvements in muscle strength and endurance in 
 66 
well-trained subjects. However, the mechanisms involved in these muscle performance 
changes have not been indentified completely. The current study has provided evidence that 
the mechanism(s) involved are probably similar in Kaatsu and IHT (i.e. reduced oxygen 
availability). In addition, muscle hypertrophy found in this study is importance evidence that 
caused muscle strength and endurance, however, the mechanisms behind this need further 
study. 
 
The blood occlusion and hypoxic groups showed almost identical improvement in both 
strength and endurance after five weeks of LRE compared to the control training. We found 
the strength gains (likely beneficial), concurrent with total muscle CSA, increased in both KT 
(12.7 ± 1.1 cm
2
, [6.6 ± 4.5%]), and HT (10.5 ± 0.2 cm
2
, [6.1 ± 5.1%]), which were 
substantially higher compared to the control training (5.2 ± 0.5 cm
2
, [2.9 ± 2.7%]). These 
findings suggest that similar mechanisms may be involved in both groups. Comparable 
findings have been reported recently where LRE with blood occlusion caused increases in 
isometric strength of 8% following four weeks of knee extension exercises (Clark et al., 
2010). The isokinetic torque at all velocities and dynamic knee extension endurance were also 
increased in LRE athletes compared with control training (Takarada et al., 2002).  
 
Mechanisms behind the changes witnessed in the current study probably involve the effect of 
low oxygen concentration on muscle function. According to Henneman’s Si e principle’ 
motor units are generally recruited in order of smallest to largest as the contraction increases 
(Henneman, Somjen, & Carpenter, 1965). It is currently thought that in general, type I (small, 
slow twitch oxidative) motor units are recruited first, then type II (large, fast twitch 
glycolytic) are recruited as the force required to be generated is increased. There is evidence 
that breathing hypoxia during training increases type II recruitment compared to normoxia 
(Melissa et al., 1997). Evidence also exists for a similar alteration to the motor unit 
recruitment pattern with blood occlusion (Vollestad, Vaage, & Hermansen, 1984). We 
speculate that low-load resistance training with either blood occlusion or hypoxia causes a 
reduction in the concentration of oxygen in the blood and a tissue resulting in a shift in the 
recruitment pattern from type I to type II motor units as the exercise continues. The 
progressive increase in the recruitment of type II motor units increases the stress on these 
units and subsequently produces adaptation in the form of hypertrophy in these motor units 
(Kawada, 2005). Future research should investigate the recruitment change pattern with 
Kaatsu or IHT training to increase our understanding of this possible process. 
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It is generally believed that muscle strength gains are related to muscle size increases 
(Takarada et al., 2002). Another possible mechanisms behind the muscle size gain resulting in 
both blood occlusion and IHT training may be due to changes in growth hormone or anabolic 
agents (Kraemer & Ratamess, 2005) and reactive oxygen species (ROS: nitric oxide) 
(Kawada & Ishii, 2005). Tanimoto, et al. (2005) reported that using Kaatsu can cause the 
greatest change in muscle oxygenation levels during and after exercise (lowered during 
exercise and elevated after exercise) (Tanimoto et al., 2005). This may cause an increased 
production of reactive oxygen species like nitric oxide, thereby stimulating muscle growth or 
hypertrophy by inducing growth hormone and insulin-like growth factor release. Kon et al. 
(2010) also reported that the increased muscle metabolites due to the occluded blood supply 
resulted in increases in growth hormone and insulin-like growth factor after resistance 
exercise in hypoxia compared to normoxia (Kon et al., 2010). We suggest that whatever the 
mechanism, the availability of oxygen is a major factor in both blood occlusion and hypoxic 
training.  
 
CSA increased in all the study groups as a result of the training, however, KT and HT showed 
marked improvement compared to CT. Interestingly, with similar intensity and work load, KT 
produced more hypertrophy in the knee extensors than flexors while HT tended to increase 
knee flexor hypertrophy. A possible reason for these differences is pressure differences 
between the extensors and flexors during training. Perhaps vessels were not properly occluded 
during knee flexion training on leg curl compared to a seated position on the knee extension 
machine, so less stress was applied to the flexor muscles in KT. Other studies have reported 
that extensors tended to benefit more, both in strength and size gain. Abe (2006) found that 
muscle size of the mid thigh increased 5.3% after three weeks of walk training in both flexors 
and extensors but isometric strength improved only in knee extensors (Abe et al., 2006). 
Takarada (2002) found that resistance exercise with blood occlusion can cause more knee 
extensor muscle hypertrophy compared to flexors with consequences to muscle isokinetic 
strength gain in elite rugby players (Takarada et al., 2002). 
 
The unexpected finding in the present study was the sport-specific fitness improvement in KT 
after five weeks of knee extension training compared to the HT group. It is unclear why these 
differences were observed. We hypothesise that both groups would obtain similar benefits 
from the training regimens which were substantiated to some degree by the similarity in 
hypertrophy between the two groups. This result may be due to both the high variation in HT 
group (i.e. 5 m sprint 4.3 ± 9.7, 505 agility -1.5 ± 1.6 and, beep test 4.1 ± 8.3 mean ± 90% CI) 
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compared to KT (i.e. 5 m sprint -16.3 ± 14.4, 505 agility -9.0 ± 6.7 and, beep test 11.7 ± 7.4 
mean ± 90% CI) and measurement errors in the HT group. It may also be that Kaatsu training 
does something different to the body compared to IHT. We speculated that the Kaatsu 
technique which occludes local blood vessels, subsequently lowers oxygen available in the 
working muscles more than in the HT group. It has been reported that low-load resistance 
exercise (30% 1RM) with blood occlusion (Kaatsu technique) reduced muscle blood flow and 
oxygenation during exercise compared to more traditional resistant exercise (50% and 80% 
1RM) without blood occlusion (Tanimoto et al., 2005). It also has been reported that exercise 
in acute and chronic hypoxia causes muscle blood flow to be attenuated (Calbet & Lundby, 
2009) resulting in low oxygen transport within the muscle. Therefore, both Kaatsu and IHT 
can cause hypoxic conditions in muscles, however, the actual reduction of oxygen between 
the two training protocols may be different.   More research measuring oxygen saturation 
levels would be needed to confirm this hypothesis.   
 
Another unexpected finding was the daily subjective pain score. We expected KT group 
would have a higher pain score compared to the other two groups due to the pressure from 
cuffs directly to the exercising muscles. However, exercise training with blood occlusion 
showed similar pain scores to the control group. Exercise training with hypoxic gas seemed to 
be more noxious (higher pain scores) in first half of the 15 day training period compared to 
the other two groups but the subjects then adapted well with less pain in the second half and 
thereafter. This finding suggests that hypoxia may be causing more disruption to muscles 
subsequently more damage and pain. We speculate increased muscle pain is related to high 
relative work load in HT group resulting in greater muscle damage compared to KT. A lack of 
oxygen would result in early drop-out of the type I muscle fibers resulting in more work being 
accomplished by the type II fibers. This glycolytic muscle fiber produces more muscle waste 
products, resulting in muscle damage and inflammation (MacIntyre et al., 1995). An increase 
in muscle damage can cause pain substances to be released from damaged muscle which may 
stimulate pain receptors (Guyton & Hall). However, this hypothesis needs to be investigated 
further. 
 
4.6 Conclusion 
This study has found that both blood occlusion and hypoxic training in conjunction with low-
load resistant exercise improved MVC3, MVC30 and Reps201RM. In addition, both blood 
occlusion and hypoxic training substantially increased muscle cross-sectional area compared 
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to exercise training alone. These results suggested that low-load resistance training in 
combination with hypoxic training or blood occlusion is very likely to be worthwhile for 
improving isometric strength and endurance which can be transferred to improved sport-
specific fitness in some areas.  
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Tables 
 
Table 4.1  Characteristics of subjects in the three groups 
 KT 
(n=10) 
HT 
(n=10) 
CT 
(n=10) 
Age (yr) 21.6 ± 5.2 19.3 ± 1.3 19.5 ± 1.2 
Height (cm)                             167.6 ± 4.3 168.5 ± 6.8 169.0 ± 6.2 
Body weight (kg) 64.4 ± 5.2 64.8 ± 8.9 66.5 ± 5.6 
Training (hr.wk
-1
) 1.5 ± 0.0 1.5 ± 0.0 1.5 ± 0.0 
Other training (hr.wk
-1
) 3.3 ± 0.7 3.4 ± 0.7 3.3 ± 0.6 
Beep Test Score 7.4 ± 2.4 7.6 ± 1.6 7.1 ± 1.9 
Vertical Jump (cm) 38.0 ± 9.0 37.1 ± 3.9 37.4 ± 4.9 
5-m sprint (s) 1.3 ± 0.0 1.2 ± 0.1 1.4 ± 0.3 
10-m sprint (s) 2.2 ± 0.2 2.2 ± 0.2 2.4 ± 0.3 
505 Agility sprint (s) 2.7 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 
Data are means ± SD. Training, low-load resistance knee extension and flexion training; Other training, 
other forms of exercise (netball training, running and cycling).  
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Table 4.2  Strength and endurance performance in the three groups pre- (before) and post- (after) five week’s 
training.   
 
CT  KT  HT    
Pre Post Diff  Pre Post Diff  Pre Post Diff 
MVC3 (kg.bw
-1
 ) 
0.5 ± 
0.1 
0.5 ± 
0.2 
0.0 ± 
0.1 
0.5 ±  
0.1 
0.6 ±  
0.1 
0.1 ±  
0.0 
0.6 ±  
0.2 
0.6 ±  
0.1 
0.1 ± 
0.1* 
MVC30 (kg.bw
-1
 ) 
10.4 ± 
2.5 
10.4 ± 
2.6 
0.0 ±   
0.7 
11.6 ± 
2.1 
12.9 ±  
2.8 
1.3 ± 
1.3* 
13.5 ± 
2.4 
15.8 ± 
3.5 
2.3 ± 
2.5* 
Reps201RM 
47.1 ± 
11.1 
86.4 ± 
4.6 
39.3 ± 
13.0 
46.5 ± 
20.7 
108.0 ± 
44.8 
61.5 ± 
27.1* 
46.6 ± 
15.5 
120.7 ± 
94.7 
74.1 ± 
82.1* 
Data are means ± SD. MVC3, the peak maximum voluntary contraction in 3 seconds; MVC30, area under the 30 sec 
MVC curve; Reps201RM, the number of repetitions able to be performed at 20% 1RM; CT,  control training; KT,  
Kaatsu training; HT, hypoxic training *Substantial difference from CT, ± 90% CL     
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Table 4.3   Mean effect of intervention between groups and chances that the true difference represents a substantial 
improvement or impairment in performance (practical outcome). 
 
 
KT vs. CT HT vs. CT KT vs. HT 
 
Mean Effect 
(%), ± 90%CL 
 
Practical 
Outcome 
Mean Effect 
(%), ± 90CL 
 
Practical 
Outcome 
Mean Effect 
(%),± 90%CL 
 
Practical 
Outcome 
MVC3 (kg.bw
-1
 ) 11.0, 11.9 Likely 15.0, 13.1 Likely -4.2, 9.4 Trivial 
MVC30 (kg.bw
-1
 ) 10.2, 9.0 Likely 18.3, 17.4 Likely -4.7, 15.9 Unclear 
Reps201RM 28.9, 23.7 Likely 23.3, 24.0 Likely 5.1, 29.8 Unclear 
± 90% confidence limits; add and subtract this number to the mean effect to obtain the 90% confidence limits for 
the true difference. MVC3, the peak maximum voluntary contraction in 3 seconds; MVC30, area under the 30 sec 
MVC curve; Reps201RM, the number of repetitions able to be performed at 20% 1RM; CT, control training; 
KT, Kaatsu training; HT, hypoxic training    
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Table 4.4  Differences in the changes between groups and chances that the true differences represent a substantial 
improvement or impairment in the sport-specific fitness in all groups. 
 
 
KT vs. CT HT vs. CT KT vs. HT 
 
Mean Effect 
(%), ± 90%CL 
 
Practical 
Outcome 
Mean Effect 
(%), ± 90%CL 
 
Practical 
Outcome 
Mean Effect 
(%), ± 90%CL 
 
Practical 
Outcome 
Vertical jump (cm) 4.8, 10 Unclear 5, 6.4 Unclear 0.5, 10.2 Unclear 
5 m sprint (sec) -16.3, 14.4 Very likely 4.3, 9.7 Unclear -7.2, 11.3 Unclear 
10 m sprint (sec) -3.3, 5.2 Unclear 2.6, 4.7 Unclear -0.9, 6.0 Unclear 
505 Agility (sec) -9.0, 6.7 Very likely -1.5, 1.6 Likely -7.6, 7.0 Very likely 
Beep test (level) 11.7, 7.4 Likely 4.1, 8.3 Unclear 5.5, 7.3 Unclear 
MAS (km.hr
-1
) 3.3, 2.0 Very likely 1.9, 2.3 Possibly 1.1, 2.2 Unclear 
VO2max (ml.kg
-1
.min
1
) 5.1,3.9 Very likely 3.5,4.5 Likely 0.9,5.1 Unclear 
± 90% confidence limits; add and subtract this number to the mean effect to obtain the 90% confidence limits for 
the true difference.  MAS, maximal attained speed during the 20 m beep test; VO2max, estimated maximal 
oxygen consumption from the beep test; CT, control training; KT, Kaatsu training; HT, hypoxic training      
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Table 4.5  Differences in the changes between groups and chances that the true differences represent a 
substantial improvement in muscle cross-sectional area (cm
2
) in KT and HT compared to CT. 
Muscles 
Effect of KT 
(KT vs. CT)  
mean, ± 90%CL 
Practical outcome 
Effect of HT 
(HT vs. CT) 
mean, ± 90%CL 
Practical outcome 
Extensors     
Rectus femoris 2.1 , 1.6 Very likely 0.7 , 1.1 Unclear 
Vastus lateralis 1.7 , 1.6 Likely 0.4 , 0.9 Unclear 
Vastus medialis 1.7 , 1.5 Likely 0.4 , 1.2 Unclear 
Flexors     
Biceps femoris 0.7 , 0.8 Likely 1.3 , 0.9 Very likely 
Semitendinosus 1.1 , 0.8 Very likely 1.1 , 0.8 Very likely 
Semimembranosus 0.7 , 0.7 Likely 1.4 , 0.8 Very likely 
Total increased 7.6 , 5.8 Very likely 5.3 , 3.0 Most likely 
± 90% confidence limits; add and subtract this number to the mean effect to obtain the 90% confidence limits for 
the true difference. CT, control training; KT, Kaatsu training; HT, hypoxic training      
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Figures 
 
Figure 4.1 The pain score during exercise training for the 15 training days in all three groups, * substantial 
difference from CT; ± 90% CL. CT, control training (open circles); KT, Kaatsu training (closed triangles); HT, 
hypoxic training (closed circles) 
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Figure 4.2 Typical magnetic resonance images showing transverse sections of the mid-thigh, taken before 
(above) and after (below) the exercise training (control training group) lasting for 5 weeks. 
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Figure 4.3 Typical magnetic resonance images showing transverse sections of the mid-thigh, taken before 
(above) and after (below) the exercise training combined with blood occlusion (Kaatsu training group) lasting for 
5 weeks. 
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Figure 4.4 Typical magnetic resonance images showing transverse sections of the mid-thigh, taken before 
(above) and after (below) the exercise training combined with hypoxia (Hypoxic training group) lasting for 5 
weeks. 
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     Chapter 5 
General Summary 
 
Hypoxia is a powerful stimulus which has a multitude of effects on the human body. Hypoxia 
has been used as a means of training athletes after it was discovered that most athletes that 
performed well at the 1968 Mexico City Olympics (2,300 m) in the longer distance events 
came from higher altitude countries (Kenya and Ethiopia). 
 
Hypoxia can be used in a traditional training sense by sending athletes to moderate-high 
altitude for period of time. Gradually the body adapts to the low oxygen level in a number of 
ways (hemoglobin, hematocrit, red blood cells and ventilation increase). Since training quality 
is also affected by high altitude, a more scientific approach to real altitude training suggests a 
live high-train low approach is the most effective strategy among the 3 forms of altitude 
training (live high-train high and live low-train high). 
 
Hypoxia can also be delivered by various other methods such as hypoxicator, barometric 
chamber and altitude tent. However not all the effects of altitude (or hypoxia) on the body or 
on athletes performance have been uncovered. For instance it has been shown that some 
athletes will improve performance when undergoing altitude exposure while others find their 
performance stagnating or going backwards. The precise reasons behind responders (those 
that improve) compared to non-responders (those that don’t improve) are unclear. I have 
attempted to uncover some of possible reasons why this phenomenon occurs and how coaches 
might identify such athletes early.  
 
Hypoxia has traditionally been used to improve aerobic-based performance since there is a 
clear link between the presence of hypoxia and the cardio-respiratory adaptation to hypoxia 
through release of EPO and subsequently increased red blood cells, although clearly there are 
non-haematological adaptations also taking place (Gore and Hopkins 2005). However 
recently it has been found that hypoxia might also have an effect on the anaerobic system. 
Anaerobic performances such as running sprint velocity and cycle sprinting have been 
reported to improve after moderate altitude exposure. (Nummela & Rusko, 2000; Saunders et 
al., 2004). A relatively new area of study in this regard is the beneficial effects of hypoxia on 
muscle strength and muscular endurance. In a relatively new training approach using blood 
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occlusion therapy (which produces significant hypoxia at the muscle), researchers have found 
strength and endurance improvement by using low-resistance exercise which is particularly 
useful for bed-ridden patients. However, the precise mechanisms involved in the performance 
changes that occur with blood occlusion training (also known as Kaatsu training) are unclear 
but muscle hypoxia is probably a major factor.  
 
This thesis used both real altitude (live high-train low) and simulated altitude training (IHT) 
with the aim of stressing the body to stimulate adaptation and therefore enhance performance. 
In this chapter I have summarized what was found in the three altitude training studies along 
with the studies’ limitations. I also include practical applications for training athletes that 
result from these studies along with identification of what new information this thesis 
provides in the sport and exercise science area.  
 
Firstly, this research provided evidence about how to identify athletes that ‘respond’ to 
altitude training and others that do not. The live high-train low study demonstrated that 
physiological variables such as percent of oxygen saturation and heart rate changes during a 
moderately intensive submaximal cycle test at altitude may be useful indicators for classifying 
athletes who respond to this type of training compared to those that do not.  These 
physiological indicators provide a non-invasive screening for athletes who could profit from 
such hypoxic exposure.  Moreover, the acute mountain sickness and rate of perceived exertion 
score may also help to indicate athletes that adapt well to such training. This research suggests 
that for some athletes (non-responders) the extra stress of altitude has a cumulative effect with 
the ongoing stress of training. Individual variability in the athletes’ ability to deal with this 
stress (via physiological adaptation) pushes some athletes into an overstress or overtraining 
state causing a drop in performance. Whereas for other athletes (responders) the total stress 
from either hypoxia or training may be below their induced stress thresholds and therefore 
causes super compensation and adaptation resulting in improved performance. Secondly, 
beneficial effects of intermittent hypoxic exposure on muscle strength and endurance were 
found in well-trained subjects. The data suggests that low-load resistance exercise under 
hypoxic conditions can cause an increase in muscle strength and improve fatigue in leg 
muscles. The major underlying mechanism may relate to the low partial pressure of oxygen in 
working muscles which causes muscles to work harder under hypoxic conditions, leading to 
intramuscular adaptation. Other possible mechanisms include changes in the muscle cross-
sectional area due to muscle hypertrophy stimulated by changes in growth hormones as a 
result of hypoxia or alterations in the neural activation of muscles. Lastly, both blood 
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occlusion and hypoxic training in conjunction with low-load resistant exercise on subsequent 
muscle strength and endurance are likely to be beneficial. In particular, both blood occlusion 
and hypoxic training dramatically increased muscle size more than resistance training alone. 
The data suggested almost identical benefits in both the hypoxic training and blood occlusion 
groups; this may be assumed to involve the same mechanism. Low-load resistance exercise 
with hypoxic training or blood occlusion, which caused muscle hypertrophy and subsequently 
improvement in strength, may be due to the hypoxic nature of the occluded muscles. We 
hypothesise that the increase in muscle metabolites (from anaerobic metabolism) resulted in 
increases in anabolic hormones (growth hormone) causing hypertrophy and muscle 
performance gain. The other possible mechanism for the muscle performance improvement 
witnessed in this research may be mediated by neuromuscular adaptation after hypoxic 
training. Muscle hypoxic conditions would tend to fatigue the type I fibres earlier and induce 
recruitment of additional motor units of type II muscle fibres to maintain the required force. 
Using predominantly type II fibres during resistance training would cause adaptation of these 
selected fibres which would lead to the enhanced strength-related muscle performance.  
  
In summary, New Zealand sport scientists should consider individual variability in response 
to altitude training among their athletes when considering whether to take athletes to altitude. 
If athletes respond poorly to a simple 10-min submaximal cycle test after an initial stay at 
altitude it may suggest these athletes will be non-responders and coaches should use other 
training regimes for these athletes. In addition, both IHT or blood occlusion with low-load 
resistance exercise are beneficial strategies for muscular and physical performance 
improvement in both male and female subjects. These exercise regimes may also be useful for 
sports where the athletes need to have high levels of muscle strength such as rugby, sprint 
running and weight lifting.  
 
This statistic used in this research is regularly used world-wide and mostly used in sport and 
exercise science area. I feel as though I have referenced my technique very well and explained 
why various choices were made in the statistics sections of the methods in each chapter. We 
found big effects in all studies (percent changes from 3%-16%). The designed spreadsheet 
were used for controlled trials to calculate the magnitude-based inferences about effect sizes 
and then to make assumptions about true (population) values of the effect, the uncertainty in 
the effect was expressed as 90% confidence limits (CL). Little evidence exists on the smallest 
worthwhile change in MVC or strength performance with training. Therefore, we generated 
this value by multiplying the baseline between-subject standard deviation by Cohen’s value of 
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the smallest worthwhile effect of 0.2. The chances that the true effects were substantial were 
estimated by the spreadsheet when a value for the smallest worthwhile effect was entered. We 
used 1% for the sport specific performance measures (jump, sprint, beep tests, etc.).  
 
5.1 Conclusion  
This thesis provided three new sources of information; a) responders probably react 
differently to non-responders during stay at altitude and changes in SpO2, HR and AMS may 
be useful for detecting non-responders, b) anaerobic based performance improved following 
low-load resistance exercise in conjunction with intermittent hypoxic training, c) both 
hypoxic training and blood occlusion combined with low-load resistance exercise showed 
almost identical benefits (muscle strength and endurance improvement) which suggests 
similar mechanisms may be involved. 
 
I have summarised the overall thesis in the diagram in next page. This is the organization of 
the three studies according to the scientific investigations conducted that have examined the 
effects of hypoxic training of both real and simulated altitude including blood occlusion. Low 
partial pressure of oxygen (PaO2) in arterial blood can cause muscle hypoxia which occurs 
after either altitude exposure or blood occlusion. Consequently, physiological changes have 
been observed in both aerobic and anaerobic performance improvement in each study. 
Responders are the athletes who adapt well to LHTL strategy in many ways i.e. SpO2 and 
AMS score. Muscular strength and endurance improved in both IHT and Kaatsu regimes 
which may be due to muscle hypertrophy. Possible mechanism(s) are not clear but may be 
mediated by growth hormone and/or increased muscle fibre type II recruitment. 
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5.2 Limitations  
- The small number of elite triathletes in the live high-train low study (Study 1) may 
have reduced my ability to make clear assumptions.  
- Research equipment problems caused some difficulties in collecting data in Study 
1. Thus, the data set was affected. 
- The lack of control group in study 1. 
- The athletes in the hypoxic and Kaatsu groups (Study 3) were anticipated to gain 
their sport specific fitness to the same extent because both groups improved 
muscle strength; however, due to higher than expected variability in the field tests, 
this result may have been less detectable. 
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5.3 Future Research 
- This thesis investigated the effect of live high-train low altitude training in elite 
triathletes. We found substantial improvement in some physiological variables 
which may need to be confirmed by increasing the numbers of subjects. Moreover, 
future research should investigate whether the autonomic nervous system plays a 
role in this response. 
 
- We found that intermittent hypoxic training can cause increased muscular 
performance. Further studies should investigate the mechanism behind these 
changes using, for example, electromyography, and growth hormone measures. 
  
- We found that IHT combined with low-load resistance training can cause muscle 
strength and hypertrophy. It was not known whether IHT with low-load resistance 
exercise prevents muscle atrophy in some neuromuscular diseases and disuse 
atrophy in post fracture rehabilitation. This could be investigated in further studies. 
  
- The low-load resistance training combined with either blood occlusion or IHT 
strategy have not been investigated in some sports. Therefore it could be 
worthwhile to explore whether this exercise regimen promotes muscle size and 
strength in some specific sports such as weight lifting, boxing and athletics (track 
and field). 
 
- Normal resistance intensity (60-85% 1RM) generally used for increasing muscle 
strength and hypertrophy is much higher than the intensity used in this thesis. The 
use of normal resistance exercise combined with either IHT or blood occlusion 
have not been investigated. This exercise regimen is strenuous for ordinary people 
but may help promote muscle strength in elite athletes who would benefit from 
improved muscle strength.  
 
- Dangerous aspects of IHT and blood occlusion need investigating especially the 
change in parameters like blood pressure, to ensure the safety of such training 
protocols. 
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HUMAN ETHICS COMMITTEE 
 
Application No: 2008-33          17 December 2008 
 
Title:  Live-high Train-low Altitude Training :  Responders vs Non-Responders 
  
Applicants:  Apiwan Manimmanakorn 
 
 
The Lincoln University Human Ethics Committee has reviewed the above noted application.  
 
 
Dear Apiwan 
 
Thank you for your detailed response to the questions which were forwarded to you on the 
Committee’s behalf. 
 
I am pleased to give final approval to your project.  However, please note that the external 
reviewer continues to express some concerns regarding scientific validity.  The reviewer's 
comments are as follows: 
 
The responses to my concerns on the applicants understanding of scientific validity as 
expressed in their application are less satisfactory, but I do not think they should prevent the 
Lincoln Human Ethics Committee from approving this project if they are so minded.  
  
Perhaps the misunderstanding is semantic. Let me explain a little more fully. In clinical 
effectiveness studies, establishing the magnitude of an effect size has been the standard for 
well over half a century. Probability (p) values have been replaced by confidence intervals as 
the recommended measure of statistical significance for well over a decade. A confidence 
interval which crosses the null indicates absence of statistical significance in clinical research.  
  
Data analysis shows the difference between the outcome measure of interest in the treated and 
untreated groups as a point estimate, around which there is a confidence interval with upper 
and lower limits, between which the "true" result will lie.  If the confidence 
interval crosses/ includes the null (i.e.no difference between the groups - the null 
Research & Commercialisation Office 
P O Box 94 
Lincoln University 
Canterbury 8150 
NEW ZEALAND 
Telephone 64 03 325 2811 
Fax 64 03 325 3630 
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hypothesis)  we do not know whether there is a beneficial effect, no effect, or a detrimental 
effect.  
  
Thus, I repeat the two points made in my earlier response.  The null hypothesis remains 
entirely relevant in research on interventions involving human participants. In the absence of 
statistical significance, a point estimate of effect size at a level considered clinically 
significant is meaningless.  It is, of course, also true that a point estimate of effect size can be 
statistically significant, but not clinically significant.  
 
 
Yours sincerely 
 
Professor Sheelagh Matear 
Acting Chair, Human Ethics Committee 
 
 
PLEASE NOTE:  The Human Ethics Committee has an audit process in place for 
applications.  Please see 7.3 of the Human Ethics Committee Operating Procedures (ACHE) 
in the Lincoln University Policies and Procedures Manual for more information. 
 
 
 
cc: Dr Mike Hamlin (ESD) 
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Application No: 2008-42          22 December 2008 
 
Title:  Effects of low-load resistance training in hypoxia on muscle strength and endurance 
  
Applicants:  Apiwan Manimmanakorn 
 
 
The Lincoln University Human Ethics Committee has reviewed the above noted application.  
 
Dear Apiwan 
 
Thank you for your detailed response to the questions which were forwarded to you on the 
Committee’s behalf. 
 
I am satisfied on the Committee’s behalf that the remaining issue of concern has been 
satisfactorily addressed. 
 
I am pleased to give final approval to your project and may I, on behalf of the Committee, 
wish you success in your research. 
 
 
Yours sincerely 
 
Professor Sheelagh Matear 
Acting Chair, Human Ethics Committee 
 
 
PLEASE NOTE:  The Human Ethics Committee has an audit process in place for 
applications.  Please see 7.3 of the Human Ethics Committee Operating Procedures (ACHE) 
in the Lincoln University Policies and Procedures Manual for more information. 
 
 
cc:  Dr Mike Hamlin (ESD) 
 Prof Jenny Ross (ESD) 
 
 
 
 
 Research and Commercialisation Office 
 
T 64 3 325 3838 
F 64 3 325 3630 
PO Box 84, Lincoln University 
Lincoln 7647, Christchurch 
New Zealand 
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Application No: 2010-05 5 March 2010 
 
Title:   Resistance exercise combined with vascular occlusion or hypoxia 
  
Applicants:  Apiwan Manimmanakorn 
 
 
The Lincoln University Human Ethics Committee has reviewed the above noted application.  
 
Dear Apiwan 
 
Thank you for your detailed response to the questions which were forwarded to you on the 
Committee’s behalf. 
 
 I am satisfied on the Committee’s behalf that the remaining issue of concern has been satisfactorily 
addressed. 
 
I am pleased to give final approval to your project and may I, on behalf of the Committee, wish you 
success in your research. 
 
 
Yours sincerely 
 
 
Professor Grant Cushman 
Chair, Human Ethics Committee 
 
 
cc Associate Professors Mike Hamlin and Jenny Ross 
 
 
PLEASE NOTE:  The Human Ethics Committee has an audit process in place for applications.  Please see 7.3 of 
the Human Ethics Committee Operating Procedures (ACHE) in the Lincoln University Policies and Procedures 
Manual for more information. 
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     Appendix B  
Subjective score sheets 
Lake Louise Score (LLS) 
for the diagnosis of Acute Mountain Sickness (AMS) 
 
A diagnosis of AMS is based on: 
1. A rise in altitude within the last 4 days 
2. Presence of a headache 
PLUS 
3. Presence of at least one other symptom 
4. A total score of 3 or more from the questions below 
SELF-REPORT QUESTIONNAIRE 
Add together the individual scores for each symptom to get the total score. 
 
Headache No headache 0  
 Mild headache  1  
 Moderate headache  2  
 Severe headache, incapacitating 3  
    
Gastrointestinal symptoms None  0  
 Poor appetite or nausea  1  
 Moderate nausea &/or vomiting 2  
 Severe nausea &/or vomiting  3  
    
Fatigue &/or weakness Not tired or weak  0  
 Mild fatigue/ weakness  1  
 Moderate fatigue/ weakness  2  
 Severe fatigue/ weakness  3  
    
Dizziness/lightheadedness Not dizzy  0  
 Mild dizziness  1  
 Moderate dizziness  2  
 Severe dizziness, incapacitating  3  
    
Difficulty sleeping Slept as well as usual  0  
 Did not sleep as well as usual  1  
 Woke many times, poor sleep  2  
 Could not sleep at all  3  
 TOTAL SCORE:   
Total score of: 
3 to 5 = mild AMS 
6 or more = severe AMS 
Note: 
Do not ascend with symptoms of AMS 
Descend if symptoms are not improving or getting worse 
Descend if symptoms of HACE or HAPE develop 
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Pain Rating Scales 
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         Rate of Perceived Exertion (RPE) Scale 
 
6  
7 Very very light 
8  
9 Very light 
10  
11 Fairly light 
12  
13 Somewhat hard 
14  
15 Hard 
16  
17 Very hard 
18  
19 Very very hard 
20  
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Subjective score on stress, fatigue, muscle soreness, sleep and training performance 
  
Name:                                                      (Scale 1 = excellent, 2 = very good, 3 = normal, 4 = poor, 5 = very poor)                          Intensity = very hard, hard, moderately hard, steady or easy 
 Day Date Stress Fatigue Muscle 
Soreness 
Sleep Training  
Performance 
Training information/ Load 
Freq Intensity Time Type 
Week 1 Mon  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Tue  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Wed  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Thu  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Fri  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sat  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sun  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
            
Week 2 Mon  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Tue  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Wed  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Thu  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Fri  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sat  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sun  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
            
Week 3 Mon  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Tue  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Wed  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Thu  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Fri  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sat  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sun  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
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Week 4 Mon  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Tue  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Wed  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Thu  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Fri  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sat  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sun  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
            
Week 5 Mon  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Tue  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Wed  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Thu  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Fri  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sat  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
Sun  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5     
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     Appendix C 
Participant Information Sheets, Consent Forms and 
Questionnaires  
Study 1 
Lincoln University 
Environment Society and Design Division 
 
Research Information Sheet 
 
Live-high train-low altitude training: responders vs. non-responders 
 
The aim of this project is:  
To find out whether the performance of elite endurance athletes can be further improved by 
supplemental iron in addition to living high training low. We also wish to investigate 
physiological mechanisms involved in any performance change. These aims are important as 
live-high train-low altitude training is one of the most commonly used methods of altitude 
training and if this type of training can substantially improve performance it may also increase 
athlete’s chances of winning. 
 
Your participation in this project will involve: 
Being randomly selected into either a control or experimental group and undertaking a series 
of exercise tests before and after completing 2-3 weeks of live-high train-low altitude training. 
Subjects in the experimental group will receive 3 intramuscular iron injections during the 
altitude camp, whereas the subjects in the control group will receive 3 placebo (inactive 
substance) intramuscular injections. Subjects will also be asked to perform two compulsory 
800-m swim time trails at sea-level. The first will be conducted 2 days before and the other 2-
3 weeks after the training camp. These swims will in general be completed at your normal 
training pool. There are also two optional 5-km sea-level running time trails to be performed 1 
week before and 1-2 weeks after the camp. Again these are to be undertaken at your normal 
training track. It is up to the coach and athlete to decide whether they are able to complete the 
running time trails. Subjects will also complete two 10-minute sub-maximal stationary cycle 
erogometer tests at the altitude camp. The first will be the day after arriving at the camp and 
the second will be just prior to leaving the camp. During these tests oxygen consumption, 
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blood lactate (via a pinprick to the finger carried out by the research assistant), heart rate, 
respiration and oxygen saturation will be measured. A medical practitioner or registered nurse 
will also take blood from you on three occasions over the course of the study. In addition, the 
researchers will also take 4 small blood samples in the first week and then one every week 
after that for the measurement of erythropoietin. 
 
If you agree to take part in the study the testing will occur during your annual altitude training 
camp at either Wanaka or Mt Ruapehu in 2009. Subjects will be asked to abstain from heavy 
physical exercise and alcohol for 24-h prior to all experimental testing. You will also be 
instructed not to change your diet over the study period and not to eat a heavy meal and avoid 
caffeine containing beverages or food for 4-h prior to reporting for testing. 
  
In the performance of the tasks and application of the procedures, there are risks of:  
Subjects experiencing fatigue and lethargy for a short period during the early stages of 
arriving at altitude. However, these feeling are only temporary and usually give way to feeling 
of vigour and vitality by the end of the training period. Consequently your physical fitness 
levels may temporarily drop but we would expect them to increase above normal levels by the 
end of the camp.  
 
The venous blood sample will be procured by a qualified individual. There is typically brief 
pain on immediate insertion of the needle. Risks associated with this procedure include 
infection and bruising. These risks are minimised by use of staff trained and experienced in 
the technique.  
 
The results of the project may be published, but you may be assured of the complete 
confidentiality of data gathered in this investigation: the identity of participants will not be 
made public without their consents.  To ensure anonymity and confidentiality the following 
steps will be taken: 
 
Data will be transferred from the data sheets to a computer, which will be safeguarded with a 
password. The data sheets and consent forms will be placed under secure storage in the 
Lincoln University archive room. 
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Participation in this study is voluntary. Participants can withdraw from the study at any time 
which includes the withdrawal of their data and if participants choose not to participate in this 
study, this choice will not cause any negative consequences for participation in current or 
future New Zealand Academy of Sport or Triathlon New Zealand programmes. 
 
An Exercise Safety Questionnaire is also attached so that we may judge your capacity for 
maximal exercise and also establish any health problems that may determine your ability to 
partake in this study. 
 
In the unlikely event of a physical injury as a result of your participation in this study, you 
will be covered by the accident compensation legislation with its limitations. If you have any 
questions about ACC please feel free to ask the researcher for more information before you 
agree to take part in this trial. 
 
Lincoln University and SPARC have funded this project. The published results will be made 
available to all participants. 
 
 
The project is being carried out by: 
 
Name of principal researcher: Mrs Apiwan Manimmanakorn 
 
Contact Details: Phone (03) 3257797 or Mobile (021)1792247  
Email: manimmaa@lincoln.ac.nz, Apiwanta@yahoo.com 
 
She will be pleased to discuss any concerns you have about participation in the project.   
 
Name of Supervisor/ Group Leader/Division Director Dr. Mike Hamlin 
 
Contact Details    Phone (03) 325-3820 
 
The project has been reviewed and approved by Lincoln University Human Ethics 
Committee. 
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Consent Form 
 
Name of Project:  Live-high train-low altitude training: responders vs. non-responders 
 
 
 
 
I have read and understood the description of the above-named project and what will be 
required of me as a condition of participation.  I have also carefully read and checked the 
Exercise Safety Questionnaire. I acknowledge that whether or not I participate will not cause 
any negative consequences for my participation in the New Zealand Academy of Sport or 
Triathlon New Zealand programme. On this basis I agree to participate as a subject in the 
project, and I consent to publication of the results of the project with the understanding that 
anonymity will be preserved.  I understand also that I may at any time withdraw from the 
project, including withdrawal of any information I have provided. 
 
 
 
Name:    
 
 
 
Signed:     Date:    
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Study2 
Lincoln University 
Environment Society and Design Division 
 
Research Information Sheet  
 
 
Project name: Effects of low load resistance training in hypoxia  
on muscle strength and endurance. 
 
The aim of this project is:  
As part of my PhD, I aim to explore beneficial effects of vascular occlusion and intermittent 
hypoxic exposure on muscle strength development. In this experiment I aim to find out 
whether the increase in strength is due to the hypoxic state or blood occlusion of the muscle. 
 
It is not known that muscular strength usually decreases during a sojourn to high altitude 
probably through a combination of muscle wasting caused by water loss, increased basal 
metabolic rate, decreased caloric intake and altered training intensity. It is unknown whether 
low-load resistance training in hypoxic conditions can improve muscular strength and 
endurance. However, intermittent hypoxia (a form of simulated altitude training) can 
influence cellular production of ATP and alter the nervous control of muscle. If these systems 
are able to adapt to the hypoxic conditions by improving either the generation of ATP in the 
cell or recruitment of muscle cells by the nervous system it may lead to improved muscular 
strength and endurance. 
 
Your participation in this project will involve: 
Being randomly selected into one of two experimental groups and undertaking a series of 
exercise tests before and after completing 5 weeks of low load resistance training combined 
with simulated altitude or blood occlusion. Participation in this study is voluntary. 
Participants can withdraw from the study at any time which includes the withdrawal of their 
data. 
 
Experimental testing will involve subjects performing a series of contractions aimed at 
establishing changes in strength and endurance. All muscle contractile measurements will be 
conducted on the non-dominant lower limb with the subjects seated in a leg extension 
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machine. Force will be measured by a load cell fixed to the lower leg with a Velcro strap 
around the ankle at a knee angle of 80
o
. Maximal voluntary contraction (MVC) measurements 
will consist of producing the highest possible strength for 3 seconds. After 10 minutes rest, 
muscle endurance for knee extension will be measured in the same way as MVC, except 
subjects will be encouraged to continue to produce maximal force throughout a 30-second 
time period. After another 10 minutes rest, dynamic endurance will be measured by 
calculating the number of repetitions each subject can complete with 50%1RM load. 
 
During testing subjects may experience fatigue and discomfort for a short period, however, 
these feeling are only temporary and usually subside within approximately 2 hours. The risk 
of injury or illness is low; however, in the unlikely event of a physical injury as a result of 
your participation in this study, you will be covered by the accident compensation legislation 
with its limitations. If you have any questions about ACC please feel free to ask the researcher 
for more information before you agree to take part in this trial.  
Subjects will also have aerobic fitness testing by treadmill and leg cross-sectional area 
measured by computerised tomography before and after training period. 
 
Subjects in the experimental groups will perform bilateral knee extensions in a seated position 
using isotonic movements (movements where muscle length and joint angle change during 
muscle contraction) on a leg extension machine (with only the non-dominant side used for 
measurements). During training, subjects will receive either a normobaric hypoxic gas or 
normobaric normoxic gas via a hypoxicator system (Airo HTMH; High Tech Mixing Head, 
Airo Limited, New Zealand). The hypoxicator system will be operated by researcher who has 
experience and knowledge with such a system. Normobaric hypoxic gas refers to low oxygen 
concentration gas which has a barometric pressure equivalent to that of sea level. Normobaric 
normoxic gas refers to a normal oxygen concentration which has a barometric pressure 
equivalent to that at sea level. During the training sessions heart rate will be recorded 
continuously by means of a heart rate monitor and arterial oxygen saturation will be 
monitored by an oximeter at the end of each exercise bout (Sport-Stat, Nonin Medical, 
Minneapolis, MN). Subjects may experience fatigue and discomfort for a short period during 
the early stages of the training study, however, these feeling are only temporary and usually 
give way to feeling of vigour and vitality within the first 5 visits. The risk of injury or illness 
is no more than what would be expected during a normal training session. 
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Subjects will be asked to complete 3 training sessions per week for 5 weeks (15 sessions in 
total). Each session will consist of four sets of resistance exercise with a 30 second rest period 
between exercise sets. The resistance will be approximately 50% of the weight that can be just 
lifted once throughout the complete range of movement (1RM), which will be determined at 
least 2 days before the start of training and will be kept unchanged throughout the study. The 
experimental group will be asked to repeat the lifting movement in each set until failure. 
Subjects will be asked to continue to breathe the gas mixture throughout the training session 
which should take approximately 20-25 minutes. All training sessions will be preceded by a 
5-minute warm-up on a cycle ergometer at a self-selected work intensity followed by 
stretching of the major muscle groups of the upper and lower legs. 
 
All subjects will be asked to abstain from alcohol for 24-h, and avoid eating a heavy meal and 
caffeine containing beverages or food for 4-h prior to all experimental testing. Subjects will 
be asked to avoid other resistance exercise before and during the experimental period. In 
addition subjects will also be instructed not to change their diet substantially over the study 
period.  
 
The results of the project may be published, but the identity of participants will not be made 
available.  To ensure anonymity of each subject the following steps will be taken. Data will be 
transferred from the data sheets to a computer, which will be safeguarded with a password. 
The data sheets and consent forms will be placed under secure storage in the Lincoln 
University archive room. 
 
An Exercise Safety Questionnaire is also attached so that we may judge your capacity for 
exercise and also establish any health problems that may determine your ability to partake in 
this study. 
 
Lincoln University has funded this project. The published results will be made available to all 
participants. 
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The project is being carried out by: 
 
Name of Principal Researcher:  Ms Apiwan Manimmanakorn 
 
Contact Details:  Home phone (03) 3257573, Office 3253838 ext 8141 or Mobile 
(021)1792247 Email: apiwan.manimmanakorn@lincolnuni.ac.nz, Apiwanta@yahoo.com 
 
Apiwan will be pleased to discuss any concerns you have about participation in the project.   
 
Name of Supervisor/Group Leader/Divisional Director: Associate Prof. Mike Hamlin 
 
Contact Details: Phone (03) 325-3820 
 
The project has been reviewed and approved by Lincoln University Human Ethics 
Committee. 
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Consent Form 
 
Name of Project: Effects of low load resistance training in hypoxia  
on muscle strength and endurance. 
  
 
I have read and understood the description of the above-named project and what will be 
required of me as a condition of participation.  I have also carefully read, checked and 
completed the Exercise Safety Questionnaire and the Information Sheet.  
 
As part of this study I will be required to abstain from alcohol for 24-h, and avoid eating a 
heavy meal and caffeine containing beverages or food for 4-h prior to all experimental testing. 
I will also be required not to change my diet over the study period. I will be required to avoid 
other resistance exercise before and during the experimental period.  I will also be required to 
complete a pre-test and pos-test which should take approximately 1 hour, and will be required 
to complete 15 training sessions over 5 weeks that will last approximately 20-25 minutes per 
day including warm-up.  
 
On this basis I agree to participate as a subject in this project, and I consent to publication of 
the results of the project with the understanding that personal anonymity will be preserved.  I 
also understand that I may at any time withdraw from the project, including withdrawal of any 
information I have provided. 
 
 
 
Name:    
 
 
 
Signed:     Date:    
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Study 3 
Lincoln University 
Environment Society and Design Faculty 
 
Research Information Sheet  
 
Project name: Resistance exercise combined with vascular occlusion or hypoxia 
 
The aim of this project is:  
As part of my PhD, I aim to explore beneficial effects of vascular occlusion and intermittent 
hypoxic exposure on muscle strength development. In this experiment I aim to find out 
whether the increase in strength is due to the hypoxic state or blood occlusion of the muscle. 
 
Low-intensity resistance training combined with vascular occlusion has been shown to 
improve strength and endurance in well-trained male rugby players with at least 5 years of 
weight training experience. Whether such improvements are due to alterations in blood flow 
to the muscles resulting in metabolic and/or pressure changes or due to the subsequent 
hypoxia resulting from reduced blood flow is not clear. It is also unclear whether 
improvements in strength and endurance found with such training occur in well-trained 
female athletes and whether these improvements transfer to improvements in sport-specific 
performance. A group of well-trained female athletes (senior netball players in representative 
squads) will be divided into 3 matched groups; 1. Low-intensity resistance training with blood 
occlusion; 2. Low-intensity resistance training with hypoxia; 3. A control group completing 
low-intensity resistance training only (no occlusion or hypoxia). Physiological responses and 
changes in isometric strength and endurance as well as sport-specific performance changes 
will be compared between the three groups. 
 
 
Your participation in this project will involve: 
Being randomly selected into one of two experimental groups and undertaking a series of 
exercise tests before and after completing 5 weeks of low load resistance training combined 
with simulated altitude or blood occlusion. Participation in this study is voluntary. 
Participants can withdraw from the study at any time which includes the withdrawal of their 
data. 
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Experimental testing will involve subjects performing a series of contractions aimed at 
establishing changes in strength and endurance. All muscle contractile measurements will be 
conducted on the non-dominant lower limb with the subjects seated in a leg extension 
machine. Force will be measured by a load cell fixed to the lower leg with a Velcro strap 
around the ankle at a knee angle of 80
o
. Maximal voluntary contraction (MVC) measurements 
will consist of producing the highest possible strength for 3 seconds. After 10 minutes rest, 
muscle endurance for knee extension will be measured in the same way as MVC, except 
subjects will be encouraged to continue to produce maximal force throughout a 30-second 
time period. After another 10 minutes rest, dynamic endurance will be measured by 
calculating the number of repetitions each subject can complete with 20%1RM load. 
 
During testing subjects may experience fatigue and discomfort for a short period, however, 
these feeling are only temporary and usually subside within approximately 2 hours. The risk 
of injury or illness is low, however, in the unlikely event of a physical injury as a result of 
your participation in this study, you will be covered by the accident compensation legislation 
with its limitations. If you have any questions about ACC please feel free to ask the researcher 
for more information before you agree to take part in this trial.  
 
As part of the testing you will also be asked to complete some athletic performance tests 
including a 20-m beep test, 5 and 10m sprints, and agility run. In addition you will also be 
required to have some blood taken for a blood test, a finger prick for a lactate test and some 
electrodes attached to your quadriceps muscle for an EMG test. We are also requiring subjects 
to travel into Canterbury Medical Imaging in Christchurch to undergo a MRI scan. This is a 
completely painless test that does not use any radiation but uses large magnets to take a 
picture of the inside of your leg muscles.  
 
Subjects in the experimental groups will perform bilateral knee extensions in a seated position 
using isotonic movements (movements where muscle length and joint angle change during 
muscle contraction) on a leg extension machine (with only the non-dominant side used for 
measurements). During training, subjects will receive a normobaric hypoxic gas via a 
hypoxicator system (Airo HTMH; High Tech Mixing Head, Airo Limited, New Zealand) or 
have a blood pressure cuffs attached to their legs which will be inflated up to reduce the blood 
flow to the working muscles. The hypoxicator and blood pressure systems will be operated by 
a researcher who has experience and knowledge with such a system. During the training 
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sessions heart rate will be recorded continuously by means of a heart rate monitor and arterial 
oxygen saturation will be monitored by an oximeter at the end of each exercise bout (Sport-
Stat, Nonin Medical, Minneapolis, MN). Subjects may experience fatigue and discomfort for 
a short period during the early stages of the training study, however, these feeling are only 
temporary and usually give way to feeling of vigour and vitality within the first 5 visits. The 
risk of injury or illness is no more than what would be expected during a normal training 
session. 
 
Subjects will be asked to complete 3 training sessions per week for 5 weeks (15 sessions in 
total). Each session will consist of four sets of resistance exercise with a 30 second rest period 
between exercise sets. The resistance will be approximately 20% of the weight that can be just 
lifted once throughout the complete range of movement (1RM), which will be determined at 
least 2 days before the start of training and will be kept unchanged throughout the study. The 
experimental groups will be asked to repeat the lifting movement in each set until failure. 
Subjects will be asked to continue to breathe the gas mixture throughout the training session 
which should take approximately 20-25 minutes. All training sessions will be preceded by a 
5-minute warm-up on a cycle ergometer at a self-selected work intensity followed by 
stretching of the major muscle groups of the upper and lower legs. 
 
All subjects will be asked to abstain from alcohol for 24-h, and avoid eating a heavy meal and 
caffeine containing beverages or food for 4-h prior to all experimental testing. Subjects will 
be asked to avoid other resistance exercise before and during the experimental period. In 
addition subjects will also be instructed not to change their diet substantially over the study 
period.  
 
In the procedure of research, there are risks of: 
 
 Additional bleeding, minor bruising or swelling after the needle or finger prick 
 A small amount of pain/discomfort felt during pricking 
 Minor musculoskeletal soreness during strength test 
 Minor musculoskeletal soreness/pain during blood occlusion training 
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The results of the project may be published, but you may be assured of complete anonymity, 
furthermore only aggregated data will be used in any publications. To ensure anonymity and 
security the following steps will be taken: 
 
 
Data will be transferred from the data sheets to a computer, which will be password protected. 
The data sheets and consent forms will be placed under secure storage in the researcher’s 
office and after the study, placed in the Lincoln University Archive Room. These will be 
destroyed after 6 years. 
 
An Exercise Safety Questionnaire is also attached so that we may judge your capacity for 
exercise and also establish any health problems that may determine your inability to partake 
in this study. 
 
The American College of Sport Medicine and Lincoln University has funded this project. The 
published results will be made available to all participants. 
 
 
The project is being carried out by: 
 
Name of Principal Researcher:  Ms Apiwan Manimmanakorn 
 
Contact Details:  Home phone (03) 3257573, Office 3253838 ext 8141 or Mobile 
(021)1792247 Email: apiwan.manimmanakorn@lincolnuni.ac.nz, Apiwanta@yahoo.com 
 
Apiwan will be pleased to discuss any concerns you have about participation in the project.   
 
Name of Supervisor/Group Leader/Divisional Director: Associate Prof. Mike Hamlin 
 
Contact Details: Phone (03) 325-3820 
 
The project has been reviewed and approved by Lincoln University Human Ethics 
Committee. 
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Consent Form 
 
Name of Project: Resistance exercise combined with vascular occlusion or hypoxia 
  
 
I have read and understood the description of the above-named project and what will be 
required of me as a condition of participation.  I have also carefully read, checked and 
completed the Exercise Safety Questionnaire and the Information Sheet.  
 
As part of this study I will be required to abstain from alcohol for 24-h, and avoid eating a 
heavy meal and caffeine containing beverages or food for 4-h prior to all experimental testing. 
I am also aware that I will be randomly assigned to one of three groups each of which may 
receive slightly different forms of training. I will also be required not to change my diet over 
the study period. I will be required to avoid other resistance exercise before and during the 
experimental period.  I will also be required to complete pre and post-testing which should 
take approximately 2 hours and includes various athletic performance tests, muscular strength 
and endurance tests, a blood test taken from the arm and a lactate test taken from a finger 
prick. I will be required to complete 15 training sessions over 5 weeks that will last 
approximately 20-25 minutes per day including warm-up. I will also be required to have two 
MRI scans completed at Canterbury Medical Imaging. 
 
On this basis I agree to participate as a subject in the project, and I consent to publication of 
the results of the project with the understanding that anonymity will be preserved. I 
understand also that I may at any time withdraw from the project, including withdrawal of any 
information I have provided up until the time the results are analysed (May 2010).  
 
 
 
Name:    
 
 
 
Signed:     Date:    
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EXERCISE SAFETY QUESTIONNAIRE (for study 1) 
 
FOR YOUR SAFETY     Please answer the following questions as well as you can. It is important to check 
each item carefully. 
 
PERSONAL INFORMATION 
 
Name:____________________________________________________________________________ 
 
Sex:     M / F         Age:  _____________________________            Birth Date:  _____/_____/_____ 
 
Address:__________________________________________________________________________ 
 
Telephone:  ___________________________ (hm)    __________________________________ (wk) 
 
Emergency:  Contact Name: ________________________________ Telephone:  _______________ 
 
1. Have you ever had any injury, illness, back or joint injury, muscular pain that  Yes/No 
 may be aggravated by vigorous exercise? 
 
2. Have you ever had: Arthritis, Asthma, Diabetes, Epilepsy, Hernia, Ulcer or  Yes/No 
 Dizziness? 
 
3. Have you ever had a Heart Condition, High Blood Pressure, Stroke, High Yes/No 
 Cholesterol, pains in the chest? 
 
4. Have any immediate family members had heart problems prior to age 60? Yes/No 
 
5. Are you now or is there a chance that you are pregnant (e.g. having sexual relations 
 without birth control)? Yes/No 
 
6. Are you taking any prescribed medication? Yes/No 
 
7. Have you been hospitalised recently? Yes/No 
 
8. Do you have any physical disabilities that will limit your ability to participate Yes/No 
 in vigorous to maximal exercise ? 
 
9. Have you been going your normal training sessions and participating in                                  Yes/No  
                 vigorous to maximal exercise? 
 
10.            Is there any reason not mentioned above that may prevent or affect your ability  Yes/No 
 to perform physical exercise? Or have you recently been advised not to  
 participate in exercise? 
 
11.            Are there any other reason e.g. cultural, why you would prefer not to participate                     Yes/No 
                 in this study? 
 
Iron supplement Questions 
 
12.          Have you ever taken iron supplements? If so please provide information on type,                       Yes/No 
               dose strength and duration and any side effects. 
 
13.          Do you, or any of your immediate family members suffer from Hereditary                                  Yes/No 
               Haemochromatosis (caused by abnormally high levels of iron in the body)? 
 
 
14.          Do you suffer from any of the following conditions?                                                                     Yes/No 
                     Hypersensitivity to iron 
                     Chronic polyarthritis 
                     Infectious renal complaints in acute phase 
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                     Uncontrolled hyperparathyroidism 
                     Decompensated hepatic cirrhosis  
                     Infectious hepatitis   
    
 
IF YOU ANSWERED YES TO ANY OF THESE QUESTIONS PLEASE PROVIDE MORE INFORMATION.  
__________________________________________________________________________________________
__________________________________________________________________________________________
__________________________________________________________________________________________
______________________________ 
 
I ________________________ state to the Environment Society and Design Division of Lincoln University that 
I have furnished details of any medical condition I have had, and all recent medical treatment received by me. I 
also state that all questions have been answered to my satisfaction.  
 
Signed _______________________________________                              Date:  _____/_____/_____ 
 
Witness ______________________________________                              Date:  _____/_____/_____ 
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EXERCISE SAFETY QUESTIONNAIRE (for study 2) 
 
FOR YOUR SAFETY     Please answer the following questions as well as you can. It is important to check 
each item carefully. 
 
PERSONAL INFORMATION 
 
 
Name:____________________________________________________________________________ 
 
Sex:     M / F         Age:  _____________________________            Birth Date:  _____/_____/_____ 
 
Address:__________________________________________________________________________ 
 
Telephone:  ___________________________ (hm)    __________________________________ (wk) 
 
Emergency:  Contact Name: ________________________________ Telephone:  _______________ 
 
1. Have you ever had any injury, illness, back or joint injury, muscular pain that  Yes/No 
 may be aggravated by vigorous exercise? 
 
2. Have you ever had: Arthritis, Asthma, Diabetes, Epilepsy, Hernia, Ulcer or  Yes/No 
 Dizziness? 
 
3. Have you ever had a Heart Condition, High Blood Pressure, Stroke, High Yes/No 
 Cholesterol, pains in the chest? 
 
4. Have any immediate family members had heart problems prior to age 60? Yes/No 
  
5. Are you taking any prescribed medication? Yes/No 
 
6. Have you been hospitalised recently? Yes/No 
 
7. Do you have any physical disabilities that will limit your ability to participate Yes/No 
 in low level resistance training? 
 
8. Is there any reason not mentioned above that may prevent or affect your ability  Yes/No 
 to perform physical exercise? Or have you recently been advised not to  
 participate in exercise? 
 
IF YOU ANSWERED YES TO ANY OF THESE QUESTIONS PLEASE PROVIDE MORE INFORMATION.  
__________________________________________________________________________________________
__________________________________________________________________________________________
__________________________________________________________________________________________
______________________________ 
 
I ________________________ state to the Environment Society and Design Division of Lincoln University that 
I have furnished details of any medical condition I have had, and all recent medical treatment received by me. I 
also state that all questions have been answered to my satisfaction.  
 
Signed _______________________________________                              Date:  _____/_____/_____ 
 
Witness ______________________________________                              Date:  _____/_____/_____ 
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EXERCISE SAFETY QUESTIONNAIRE (for study 3) 
 
FOR YOUR SAFETY     Please answer the following questions as well as you can. It is important to check 
each item carefully. 
 
PERSONAL INFORMATION 
 
Name:____________________________________________________________________________ 
 
Sex:     M / F         Age:  _____________________________            Birth Date:  _____/_____/_____ 
 
Address:__________________________________________________________________________ 
 
Telephone:  ___________________________ (hm)    __________________________________ (wk) 
 
Emergency:  Contact Name: ________________________________ Telephone:  _______________ 
 
1. Have you ever had any injury, illness, back or joint injury, muscular pain that  Yes/No 
 may be aggravated by vigorous exercise? 
 
2. Have you ever had: Arthritis, Asthma, Diabetes, Epilepsy, Hernia, Ulcer or  Yes/No 
 Dizziness? 
 
3. Have you ever had a Heart Condition, High Blood Pressure, Stroke, High Yes/No 
 Cholesterol, pains in the chest? 
 
4. Have any immediate family members had heart problems prior to age 60? Yes/No 
 
5. Are you now or is there a chance that you are pregnant (e.g. having sexual relations 
 without birth control)? Yes/No 
 
6. Are you taking any prescribed medication? Yes/No 
 
7. Have you been hospitalised recently? Yes/No 
 
8. Do you have any physical disabilities that will limit your ability to participate Yes/No 
 in low level resistance training? 
 
9. Is there any reason not mentioned above that may prevent or affect your ability  Yes/No 
 to perform physical exercise? Or have you recently been advised not to  
 participate in exercise? 
 
IF YOU ANSWERED YES TO ANY OF THESE QUESTIONS PLEASE PROVIDE MORE INFORMATION.  
__________________________________________________________________________________________
__________________________________________________________________________________________
__________________________________________________________________________________________
______________________________ 
 
I ________________________ state to the Environment Society and Design Division of Lincoln University that 
I have furnished details of any medical condition I have had, and all recent medical treatment received by me. I 
also state that all questions have been answered to my satisfaction.  
 
Signed _______________________________________                              Date:  _____/_____/_____ 
 
Witness ______________________________________                              Date:  _____/_____/_____ 
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     Appendix D 
Published peer-reviewed article     
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     Appendix E  
Research photos      
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